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Abstract 
Strengthening of steel hollow sections with carbon fibre reinforced polymer 
(CFRP) sheets has attracted greater attention in recent times.  CFRP is preferred to 
strengthen steel hollow sections, due to its much higher elastic modulus and ability to 
be applied to any shape of structure. The studies carried out in this research have 
revealed the ultimate load carrying capacity of the CFRP strengthened steel hollow 
sections and the stress distribution for different orientations of the CFRP sheet at 
different layers. This thesis presents a series of experimental and finite element 
analytical studies carried out to achieve a good understanding of the load carrying 
capacity of CFRP strengthened steel hollow sections. 
The first part of this research programme investigated the ultimate load 
carrying capacity of CFRP strengthened circular hollow sections (CHS) and square 
hollow sections (SHS). Three different sizes of CFRP strengthened SHS and CHS 
were tested under axial tension loads to determine their ultimate load carrying 
capacities, and the effective bond length of steel hollow sections. Then another series 
of tests were conducted to determine the load carrying capacity of CHS and SHS 
with different orientations of CFRP sheets at the effective bond length under tensile 
loading. The results show that the ultimate load carrying capacities were increased 
with the increment of contact surface area. In the second part of this study, a non-
linear finite element analysis (FEA) of the CFRP strengthened steel hollow sections 
was conducted. The experimental results validated the developed finite element 
models, and then a parametric study was done. The main parameters were the 
different size and shape of CHS and SHS and different orientations of CFRP sheets. 
It can be concluded that the three layers of longitudinal wrapping carries the highest 
ultimate load. The transverse wrapping is effective when they combine with 
longitudinal wrapping for CHS with a large (D/t) ratio and SHS with a large (b-2t)/t 
ratio.  
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Chapter 1: Introduction 
1.1 GENERAL 
Carbon fibre reinforced polymer (CFRP) is a well-known composite material 
that attains its physical and mechanical characteristics through the integration of 
other materials. This advanced composite material provides greater strength at lighter 
weights than traditional construction materials, thus offering distinct advantages in 
many engineering applications. The use of carbon fibre reinforced polymer in civil 
infrastructure, for repair and strengthening of reinforced concrete structures, and also 
for new construction has become common practice (Teng et al, 2002). With the 
introduction of CFRP materials, the possibility for providing a solution to the 
ongoing problem of infrastructure deterioration is extended to steel structures as well.  
Conventional welding used to repair cracks in steel structures by adding new 
material to the crack area will typically lead to poor fatigue performance. Welding 
can also cause metallurgical changes to the parent material, resulting in premature 
failure. These conservative methods are less effective and could increase 
maintenance costs (Seica & Packer, 2007). Thus there is a need for more efficient 
and reliable retrofit and restoration methods. CFRP retrofitting is attractive for steel 
bridges and structures since it avoids field welding, particularly overhead welding.  
Bond stresses may be much more critical for steel structures than for concrete 
structures since more strengthening material is needed for steel structures to achieve 
a similar increase in strength due to the inherent high strength of steel, and also since 
the debonding failure does not occur in the substrate as in concrete structures. 
Despite these challenges, since many structures built in the post-World War II era are 
already past their design life, the inventory of deteriorated steel structures and bridges 
in need of rehabilitation is extremely significant (Hollaway, 1994; Schwartz, 1997; 
Barbero, 1999; Peters, 1998). 
While extensive research have been conducted for strengthening of concrete, 
masonry structures using FRP composites and the strengthening of steel structures 
using externally bonded CFRP composites. Available studies (Miller et al. 2001; 
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Shen et al. 2001; Hollaway et.al. 2002) have been mainly concerned with 
demonstrating of the effectiveness of the CFRP strengthening technique for steel 
structures. However, many aspects have not yet been investigated; particularly the 
bond characteristics of steel hollow sections to CFRP bonded joints. A significant 
amount of research has been undertaken to determine bond characteristics of CFRP 
strengthened double strap joints (Fawzia et al., 2004a; 2004b; 2005a; 2005b; 2006a; 
2006b; 2007; 2008 and 2010). The research was limited to steel plate double strap 
joint.  
Therefore research is needed to determine the bond characteristics for different 
types of CFRP strengthened steel sections, especially steel hollow sections of normal 
modulus of steel. 
To establish suitable design guidelines for CFRP strengthening of different 
types of steel structure, a thorough understanding of bond characteristics is essential. 
The present research is designed to address the bond characteristics of CFRP 
strengthened steel hollow sections under tensile loads. Extensive laboratory testing 
has been conducted to determine different parameters in regard to bond issues. The 
bond characteristics will be further evaluated by using non-linear finite element 
models. The outcome of the present research will contribute towards the structural 
safety of steel structures, and will prevent unexpected structural failures. This thesis 
will show a new way to bond strengthen steel hollow sections with cost-effective 
CFRP wrapping. 
1.2 RESEARCH OBJECTIVES  
Composite materials such as carbon fibre reinforced polymers (CFRP) have 
become attractive to contractors in a rehabilitation programme because of the limited 
need for continual maintenance and future rehabilitation. Structural hollow sections 
are used as tension members for tension chord, internal ties in trusses, lattice girders 
for bracings in buildings and bridges and bracing members in buildings. The load 
carrying capacity of steel hollow sections depends on their sizes. There is a lack of 
fundamental understanding of the bond behaviour of CFRP strengthened steel hollow 
sections under tensile loads. Issues related to effective bond length, ultimate strength, 
shear strength, failure mode, strain distribution and stress distribution for CFRP 
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strengthened steel hollow sections need to be resolved urgently before we can utilise 
this advanced material not only to provide confident bonded joints for new, safe and 
economic smarter new steel constructions but also to retrofit of ageing steel hollow 
sections. 
The main objective is to develop practical guidelines for creating effective and 
compatible bond systems between CFRP and steel hollow sections under tensile 
loads. 
Additional objectives are:  
1. To identify the key parameters affecting the bond characteristics between 
CFRP and steel hollow sections. 
2. To identify the effect of different sizes of steel hollow sections on ultimate 
load carrying capacities under tensile load. 
3. To identify the effect of   different shapes of steel hollow sections on 
ultimate load carrying capacities under tensile load. 
4. To study the changes in bond characteristics due to varying orientations of 
CFRP wrapping. 
1.3 SCOPE AND THESIS ORGANISATION 
The development of a system for strengthening steel hollow sections with 
normal modulus of CFRP was divided into two phases experimental and analytical. 
The experimental study was conducted in two phases to determine the effective bond 
length of the CFRP strengthened steel hollow sections, to characterise the bond 
failure, to determine the ultimate load carrying capacity and to determine the 
effective wrapping orientation of the unidirectional CFRP.  
The first phase of tests determined the effective bond length for the 
strengthened square hollow sections (SHS) using normal modulus of CFRP sheet 
with MBrace Saturant adhesive by the process of wet-lay up; this process was also 
used for the circular hollow sections (CHS). These specimens were also used to 
investigate the failure mode and the load carrying capacity. With an understanding of 
these parameters, the remaining phase of the experimental program investigated the 
effective CFRP orientation at the effective bond lengths of CHS and SHS. 
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The development of a finite element (FE) model was a priority for this thesis. 
As such, the FE model was used to predict the bond characteristics of CFRP 
strengthened CHS and SHS and compared these characteristics to the findings of the 
experimental program. The validated FE models were then used for parametric 
studies.  
The contents of this thesis are as follows: 
Chapter 2 reviews previous research into strengthening steel structures with 
CFRP materials. A major emphasis is placed on the research related to the 
characteristics of bonded joints between CFRP materials and steel surface. 
Chapter 3 presents the details of the experimental program that was conducted 
to evaluate: the effective bond length of CFRP to strengthen steel hollow sections; 
the result for varying sizes of steel hollow sections; results for varying shape of steel 
hollow sections; and the consequences of stress distribution for varying wrapping 
orientations of CFRP sheets. The experimental program included three different sizes 
of CHS and SHS specimen tests, varying their bond lengths under tensile loading and 
three different CFRP orientation schemes also tested under tensile loading. The 
details of the experimental results are presented in this chapter. The relevant results 
related to the failure and the observed behaviour of the bonded joints were presented.  
Chapter 4 presents the details of the finite element model. The finite element 
results are presented and compared with the findings of the experimental program. A 
parametric study has been done for higher sizes of CHS and SHS and to evaluate 
longitudinal stress and transverse stress of these sections. Longitudinal stress and 
transverse stresses have been evaluated for different orientations of CFRP at different 
layers. 
 The major findings of the bond joint and CFRP orientation scheme and 
recommendations for future work related to bond are presented in Chapter 5.  
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Chapter 2: Literature Review 
2.1 GENERAL 
Carbon-fibre-reinforced polymer (CFRP) has over the past two decades 
become an increasingly notable material used in structural engineering applications. 
It has also proved itself cost-effective in a number of field applications for 
strengthening concrete, masonry, steel, cast iron, and timber structures. Retrofitting 
has become a dominant use of the material in civil engineering, and applications 
include increasing the load capacity of old structures such as steel bridges that were 
designed to tolerate far lower service loads than they are experiencing today, seismic 
retrofitting, and repair of damaged structures. Retrofitting is popular in many 
instances as the cost of replacing the deficient structure can greatly exceed its 
strengthening using CFRP (Ismail, 2007).  
Therefore, it is essential to select the right adhesive and CFRP materials for a 
satisfactory strengthen joint technique. To find out the real problems for CFRP 
strengthened joint and retrofitted steel structure using CFRP materials, several 
studies have been conducted. This chapter presents the research related to the bond 
strength of steel hollow sections using CFRP materials and the design guidelines 
related to the use of CFRP materials for strengthening steel structures.  
2.2  BOND CHARACTERISTICS AND CFRP STRENGTHENED STEEL 
SECTIONS   
Bond characteristics of CFRP materials display the uncertainty and the sudden 
nature of debonding modes of failure. A number of experimental studies have been 
conducted to develop a fundamental understanding of the behaviour of bonded joints 
and strengthened with CFRP. Several analytical studies have been done to predict the 
nature of the stress transfer in CFRP strengthened bond joints and the stress 
distribution in adhesive layer. Due to the complex nature of the stresses, researchers 
have also used finite element analysis techniques to evaluate the variation of the bond 
stresses along the length and through the thickness of the adhesive layer. Additional 
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research has focused on the use of fracture mechanics techniques to evaluate the 
bond strength. Each of these areas was reviewed in the following sections, with 
particular emphasis on the bond behaviour between CFRP materials and steel 
surfaces. 
2.2.1 Experimental Studies 
A number of experimental studies have been conducted to evaluate the 
behaviour of bonded joints and CFRP strengthened steel sections under different 
loading conditions and different fibre orientations. This section discusses the 
experimental testing of steel specimens which are CFRP strengthened steel sections 
and CFRP bonded joints.  
Fawzia et al. (2010) represented the results of a series of tension tests on 
double strap joints for CFRP bonded steel plate. Those results gave a detailed 
understanding of bond characteristics for CFRP strengthened double strap joints 
under tension using experimental and numerical analysis. A parametric study was 
performed by numerical modelling with the variables of CFRP bond lengths, 
adhesive maximum strain and adhesive layer thicknesses. The results were concluded 
that the shear stresses were decreased from the loaded edge to the distance away from 
the joint, the bond–slip model was and the initial and maximum slip increased with 
the increment of adhesive thickness. 
Liu et al. (2005) presented two bond models for joints between steel and 
normal modulus (240 GPa) CFRP. The first model was an empirical one based on the 
experimental results. The second one was the modification of Smith model for 
adhesive bonded joints. It is termed as the modified Hart-Smith model in that paper. 
Two types of joints were studied. One was a double strap joint between steel plates 
and CFRP. The other was between steel circular tubes and CFRP. Both models gave 
reasonable predictions of the effective bond length and ultimate load carrying 
capacities. But those models were only validated for only 75mm diameter VHS 
circular hollow section. 
Al-Zubaidy et al. (2011) were concerned with experimental investigations of 
the mechanical properties of unidirectional normal modulus carbon fibre reinforced 
polymer sheets and Araldite 420 epoxy under quasi-static and medium impact tensile 
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loads. It was found that both the CFRP sheet and Araldite resin were strain rate 
dependent. For CFRP the increase in tensile stress is about 20% to 40% whereas the 
increase in modulus of elasticity and strain at failure is about 20%. For Araldite the 
increase in tensile stress and modulus of elasticity is about 220% and 100% 
respectively, whereas a 50% reduction in strain at failure was observed. 
Dawood et al. (2010) developed a high modulus CFRP system for the load 
carrying capacity and serviceability of steel bridges and structures. The research 
program was conducted to evaluate the environmental durability of the bond of the 
proposed CFRP strengthening system to steel surfaces. The program consisted of 
testing 44 steel-CFRP double-lap shear specimens. The specimens were exposed to 
severe environmental conditions for different durations, up to 6 months. The research 
evaluated the significance of the bond durability. It showed that the glass fibres 
helped to enhance the initial bond strength of CFRP strengthened steel sections, but 
did not improve the bond durability. 
Fawzia et al. (2005a) investigated a series of double strap shear tests loaded in 
tension to find the bond between CFRP sheets and steel plates. Both normal modulus 
(240 GPa) and high modulus (640 GPa) CFRPs were used.  Different failure modes 
were observed for joints with normal modulus CFRP and those with high modulus 
CFRP. But the strain distribution along the CFRP length was similar for the two 
cases. A shorter effective bond length was obtained for joints with high modulus 
CFRP, but for normal modulus CFRP a longer bond length was needed to be 
effective. 
Fawzia et al. (2007) investigated the behaviour of CFRP materials bonded to 
hollow tubular steel sections. The researchers tested a total of six tubular steel 
specimens which consisted of two lengths of very high strength steel tubes which 
were butted together and jointed by bonding five layers of high modulus CFRP 
materials to the outer surfaces of the tubes. Bond overlap lengths ranging from 40mm 
to 85mm were considered. The test results were compared to results obtained from 
typical double-lap shear coupons which were fabricated using the same CFRP 
materials. The test results indicated that the curvature of the steel tubes did not have 
any effect on the bond behaviour of the CFRP materials. The magnitude of the 
measured strains was approximately 50 percent lower at the outer CFRP layer 
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compared to the measured strain at the inner CFRP layer. This suggests the presence 
of a considerable shear-lag effect in the CFRP materials, which were installed by 
hand using a wet lay-up procedure. A similar trend was observed for both circular, 
tubular specimens and conventional double-lap shear specimens. 
Fernando, N. D. (2010) investigated a series of experimental and theoretical 
studies to develop a theoretical model for debonding failures in CFRP-strengthened 
steel structures. A systematic experimental programme examined the effects of steel 
surface preparation and adhesive properties on the adhesion strength between steel 
and adhesive. The test results showed that the adhesive bonding capability of a steel 
surface can be improved by grit-blasting which avoided adhesion failure.  
Haedir et al. (2010) evaluated externally bonded carbon fibre-reinforced 
polymer (CFRP) sheets for strengthening circular steel tubular short columns. Ten 
short cold-formed steel circular hollow section (CHS) columns, with externally 
bonded orthogonal (hoop and longitudinal) CFRP sheets, were tested under axial 
compression. The experimental results indicated that the axial section capacity 
increased by fibre-reinforcing the steel tube. Due to its light weight for handling, the 
high-strength CFRP sheet could provide restraint to delay buckling of the thin steel 
wall.  
Bambach et al. (2009) performed 20 experiments on short, axially compressed 
square hollow sections (SHS) cold-formed from G450 steel and strengthened with 
externally bonded CFRP. The SHS were fabricated by spot-welding and had plate 
width-to-thickness ratios between 42 and 120, resulting in plate slenderness ratios 
between 1.1 and 3.2. The experimental results showed that the CFRP strengthened 
slender steel sections delayed local buckling and increased in elastic buckling stress, 
axial capacity and strength-to-weight ratio of the compression members.  
Shaat, A. A. S. (2008) explored requirements for CFRP strengthened steel 
sections requirement in retrofitting steel columns and girders both experimentally and 
analytically.  Fifty columns, 175 mm to 2380 mm long i.e. with slenderness ratios 
ranging from 4 to 93, were tested under axial compression loads to examine the 
effects of the number and type of CFRP layers, fibre orientation, and slenderness 
ratios. The experimental results showed that the transverse wrapping was suitable for 
controlling outwards local buckling in HSS (High Strength Steel) short columns, 
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while longitudinal layers were more effective in controlling overall buckling in 
slender columns.  
 Lam et al. (2004) tested a series of steel- CFRP double-lap shear coupons and 
increased the overall bond length from 100 mm to 300 mm. But it did not 
significantly increase the bond strength of the joint for the particular combination of 
materials tested. It showed that the significant bond stress concentrations were near 
the ends of the CFRP and steel materials. However, the long bond length acheived 
the maximum ductility of the bonded joints.  
Seica et al. (2007) developed a CFRP strengthening system for circular hollow 
steel members used in underwater applications. Four members were strengthened and 
allowed to cure underwater, while two members were strengthened and cured in air at 
room temperature for comparison. Flexure tests of the beams indicated that 
conventional methods of curing provide a greater amount of flexural strength and 
ductility than curing underwater. The beams cured underwater did however provide 
moderate increases in strength and ductility compared to the unstrengthened member. 
Zhao et al. (2006) investigated the web crippling behaviour of RHS 
(rectangular hollow sections) strengthened by CFRP. Several types of strengthening 
were adopted, such as wrapping CFRP sheeting outside the RHS or applying CFRP 
plates outside and/or inside the RHS. Researchers concluded that the CFRP 
strengthening significantly increases the web crippling capacity especially for those 
with large web depth-to-thickness ratio. 
Jiao et al. (2004) performed an experimental programme for CFRP 
strengthened tubular steel sections; butt-welded, very high strength (VHS) circular 
steel tubes reinforced with unidirectional normal modulus CFRP sheets were tested 
under tensile load with three types of adhesives. Those were Sikadur-330, 
Araldite®420 and Araldite® Kit K138. The results showed that the strength increase 
varied from 25% to 76%, which proved that CFRP wrapping was an effective 
method to strengthen VHS tubes. 
Miller et al. (2001) investigated the behaviour of CFRP bonded steel plate 
using double-lap joints.  Both sides of a 914 mm long steel plate were boned with 
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two 457mm long and 37mm wide CFRP plate. It was found that approximately 98 
percent of the total force is transferred within the first 100 mm of the bonded plate. 
2.2.2 Analytical Studies 
A number of analytical models have been developed to predict the distribution 
of bond stresses in the adhesives for steel strengthened with externally bonded CFRP 
and plates. The typical analysis approach involves considering differential 
equilibrium and strain compatibility for an infinitesimal element of the adhesive 
along the length of the plate. In case of tension loaded bonded joints, these models 
typically predict the presence of significant shear and normal stress concentrations in 
the adhesive near the plate ends. 
Fernando, N. D. (2010) developed a reliable theoretical model for debonding 
failures in CFRP-strengthened steel structures. Based on the results from 
experimental observations and results, bond-slip models were developed for CFRP-
to-steel interfaces with a linear adhesive and those with a nonlinear adhesive 
respectively. A finite element (FE) model evaluated the debonding failures in CFRP 
strengthened steel beams subject to flexural load and an end-bearing load. FE model 
results showed that debonding failure related to the properties of adhesive and large 
strain energy of adhesive increased the load carrying capacity of CFRP strengthened 
rectangular hollow sections. 
Shady et al. (2008) studied the stress distribution in composite materials both at 
the fibre/matrix interface and in the composite constituents, to understand the 
material mechanical response. To predict composite behaviour under stress 
distribution at fibre, matrix and fibre/matrix interfaces, especially failure or 
delamination, two analytical models were developed. The first model dealt with the 
fibre in the longitudinal direction considering axisymmetric conditions, and the 
second model in the transverse direction. The axial tensile stress value at the point of 
departure from linearity in the stress-strain curves was used as an input for the 
Graphical Integrated Numerical Analysis (pcGINA) model to evaluate the average 
stress distribution at the unit cell level. The result was that the maximum variation in 
the stresses at the fibre/matrix interface is in the longitudinal direction.  
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Fawzia et al. (2006b) investigated the behaviour of axially loaded flat steel 
plates strengthened using carbon fibre reinforced polymer sheets. Two steel plates 
were joined together with adhesive, and followed by the application of carbon fibre 
sheet double strap joint with different bond lengths. The behaviour of the specimens 
was further investigated by using nonlinear finite element analysis to predict the 
failure modes and load capacity. The results showed that bond failure was the 
dominant failure mode for normal modulus (240 GPa) CFRP bonding. The finite 
element analysis also showed that the zone of maximum Von Mises stress in the 
adhesive layer increased sharply with the increase of the load indicating progressive 
bond failure. 
Stratford et al. (2006) predicted the bond stresses near defects or voids in the 
adhesive. The study indicated the presence of significant stress concentrations near 
the locations of defects in the adhesive. Such defects can be particularly damaging if 
they occur near the plate end. 
The analysis of Stratford and Cadei further indicates that the stresses near the 
plate end due to the effect of prestressing the CFRP materials can be up to five times 
higher than the stresses induced by mechanical loading only. 
Al-Emrani et al. (2006) developed an analytical model to study the shear 
stresses near the plate ends of a steel beam strengthened with externally bonded, 
prestressed CFRP materials. The model was used to evaluate the effect of different 
parameters on the magnitude of the shear stress concentration near the plate end. The 
analysis indicated that decreasing the shear modulus, G, or increasing the thickness, t, 
of the adhesive reduced the magnitude of the peak shear stresses in the adhesive.  
Youssef, M.A. (2006) conducted an analysis to predict the shear and normal 
stresses in an adhesive layer for a steel beam strengthened with GFRP plates. Within 
the elastic range, the maximum shear and normal stresses in the adhesive were 
predicted to occur near the ends of the FRP plate.  
Sebastian, W.M. (2005) demonstrated analytically that yielding of the tension 
flange of a strengthened steel beam can induce significant shear stresses in the 
adhesive layer near the elasto-plastic region of the beam. The study further indicated 
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that assuming a rigid bond, and neglecting the flexibility of the adhesive, can result in 
an over-prediction of the maximum adhesive shear stress by up to 65 percent.  
Sebastian, W.M. (2003) conducted a non-linear finite element analysis to 
evaluate the bond stresses in the adhesive for an indeterminate steel beam 
strengthened with CFRP laminates. The laminates were bonded to the tension side of 
the beam which varied between the top and bottom flanges at different locations 
along the continuous member. The laminates were terminated at the points of 
inflection along the beam as determined by an elastic analysis. 
Smith et al. (2001) evaluated the various assumptions of a number of different 
analytical models. They identified that the flexural rigidity of the plate was 
significant for steel members strengthened with high modulus CFRP materials, these 
assumptions may lead to inaccurate prediction of the adhesive stresses. Therefore, 
they developed a new analytical model to account for the axial and flexural 
deformations of the beam and the strengthening plate. 
2.3 NEED FOR RESEARCH 
In summary, a thorough literature review has shown that there are no study 
available for normal modulus CFRP strengthened normal strength steel hollow 
structures (circular and square hollow section) under tensile load. Research is needed 
to investigate further the effective bond length, ultimate load carrying capacity, 
varying CFRP orientation, failure mode, longitudinal stress and hoop stress 
distribution and the effect of different size and shape of steel hollow section for 
CFRP strengthened normal strength steel hollow section under tension. Based on 
these research gaps the following objectives have been determined for this thesis: 
 To identify the key parameters affecting the bond characteristics between 
CFRP and steel hollow sections.  
 To identify the effect of different sizes of steel hollow sections on ultimate 
load carrying capacities under tensile load.  
 To identify the effect of different shapes of steel hollow sections on ultimate 
load carrying capacities under tensile load.  
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 To study the changes in bond characteristics due to varying orientations of 
CFRP wrapping.  
Numerical simulation is also needed to extend the parameter ranges outside 
those used in the testing program. Hollow structural sections have thin thickness and 
large slenderness ratio. To overcome this problem, hoop stresses of Circular hollow 
sections and transverses stresses of square hollow section are need to be addressed. 
But, stress analysis of different orientation of CFRP layer has not been done yet.    
The aims of this thesis are to assess the bonding characteristics of CFRP 
strengthening of steel hollow members subjected to tension; to get the maximum 
stresses of different layers of CFRP for reducing slenderness ratio of steel hollow 
section and to develop an adequate bond strength method for normal environmental 
conditions using CFRP technology. 
2.4 SIGNIFICANCE AND INNOVATION 
The significance of the proposal lies in the fact that it aims to address a new 
strengthened boned joint for new or damaged steel structures in normal 
environmental conditions. This research investigates the use of an innovative CFRP 
technology for hollow steel tubular beams and columns to develop an optimum 
wrapping layer that can be used to strengthen joint instead of bolted or welded joints. 
The new CFRP strengthened bonded joint technology could simplify the complicated 
and costly joints used at present. The use of such a composite material for jointing of 
steel structures can lead to considerable short term and long term benefits. Managing 
the joints of new or aging infrastructure has become a major issue for asset managers 
in most of the civil and mechanical engineering industries.  
The research aims not only to develop the CFRP technology for jointing 
purposes, but also to provide suitable guidelines for the design of CFRP strengthened 
steel structures that can be used in the design of new high strength steel structures as 
well as to retrofit or upgrade damaged steel structures.  
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Chapter 3: Experimental Investigation 
3.1 GENERAL 
This chapter presents the details of the experimental study conducted to 
evaluate the bond characteristics between steel hollow sections and carbon fibre 
reinforced polymer (CFRP) sheets. The main objectives of the experimental study are 
to identify the key parameters affecting the bond characteristics between CFRP and 
steel hollow sections and to study changes in bond characteristics due to different 
orientations of CFRP wrapping.  
The experimental study consisted of testing of square hollow sections (SHS) 
and circular hollow sections (CHS) under tensile loading conditions. The 
experimental parameters are: the section sizes, the section shape, bond length of the 
CFRP sheets and orientations of unidirectional CFRP sheets. 
3.2  SPECIMEN DETAILS 
The main parameters used in the experimental study are shown in Table 3.1. 
Table 3.1: Main Parameters Used in the Experimental Study 
Parameter 
Steel Section 
Circular hollow section   
(CHS) 
Square hollow section 
(SHS) 
Steel Size(mm) Ø 42.4, Ø 48.3 &  Ø 60.3 40x 40, 50x50 & 65x65 
Section thickness 
(mm) 
2.9 – 3.2 3.0 
Bond Length (mm) 10 – 120 10 – 120 
CFRP orientation 
Longitudinal & 
Transverse 
Longitudinal & 
Transverse 
 
The test specimens consisted of two 200mm long steel square hollow sections 
of varying sizes, 40mm x 40mm x 3mm, 50mm x 50mm x 3mm and 65mm x 65mm 
x 3 mm bonded together using three layers of CFRP sheets in the longitudinal 
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direction and four layers of adhesive. A schematic of a typical SHS specimen is 
shown in Figure 3-1. 
 
 
Figure 3-1: A schematic view of a typical specimen 
Table 3.2 shows the configurations of the test specimens of square hollow 
sections (SHS). The first stage of the experimental programme consisted of 40mm x 
40mm x 3mm (series 1), 50mm x 50mm x 3mm (series 2) and 65mm x 65mm x 
3mm SHS (series 3), strengthened using three layers of CFRP in the longitudinal 
direction with varying bond lengths from 10mm to 115mm. The first number, 40, 50 
and 65 indicates the size of the Steel hollow sections, the letter S denotes square 
hollow sections; 3L stands for three layers of CFRP in the longitudinal direction 
while the numbers 10, 20,...........&115 indicate the varying bonding length (L1) and 
the other bonding length of CFRP (L2) that should not be failed shown in Figure 3-1. 
 
 
 
 
 
 Chapter 3: Experimental Investigation 17 
Table 3.2: Specimen Details of SHS (Varying Bond length) 
Series Specimen Name Width (mm) Thickness (mm) Bond Length (mm) 
1 
40S3L10 40 3 10 
40S3L20 40 3 20 
40S3L30 40 3 30 
40S3L40 40 3 40 
40S3L50 40 3 50 
40S3L60 40 3 60 
40S3L70 40 3 70 
40S3L75 40 3 75 
40S3L85 40 3 85 
40S3L110 40 3 110 
2 
50S3L10 50 3 10 
50S3L20 50 3 20 
50S3L30 50 3 30 
50S3L50 50 3 50 
50S3L70 50 3 70 
50S3L75 50 3 75 
50S3L85 50 3 85 
50S3L95 50 3 95 
50S3L115 50 3 115 
3 
65S3L35 65 3 35 
65S3L45 65 3 45 
65S3L55 65 3 55 
65S3L60 65 3 60 
65S3L70 65 3 70 
65S3L75 65 3 75 
65S3L85 65 3 85 
65S3L90 65 3 90 
65S3L95 65 3 95 
65S3L100 65 3 100 
 
The second stage of the experimental programme consisted of similar specimen 
configurations for Circular Hollow Sections (CHS) are shown in Table 3.3. At this 
stage, the tested specimens were the same length and had varying bond lengths, while 
the diameters were 42.4mm and thickness of 3.2mm (series 4), except for 48.3mm 
(series 5) and 60.3mm (series 6) diameters which had the same thickness of 2.9mm. 
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The first numbers 40, 50 and 60 indicates the Nominal size (NB) of the circular 
hollow sections; the letter C denotes circular hollow sections; 3L stands for three 
layers of CFRP in the longitudinal direction while the numbers 10, 20,...........&105 
indicate the varying bonding length (L1) and the other bonding length of CFRP (L2) 
that should not be failed defined in Figure 3-1. 
Table 3.3: Specimen Details of CHS (Varying Bond length) 
Series Specimens Name Diameter (mm) Thickness (mm) Bond Length (mm) 
4 
40C3L20 42.4 3.2 20 
40C3L40 42.4 3.2 40 
40C3L60 42.4 3.2 60 
40C3L65 42.4 3.2 65 
40C3L70 42.4 3.2 70 
40C3L75 42.4 3.2 75 
40C3L85 42.4 3.2 85 
40C3L95 42.4 3.2 95 
40C3L105 42.4 3.2 105 
5 
50C3L25 48.3 2.9 25 
50C3L35 48.3 2.9 35 
50C3L45 48.3 2.9 45 
50C3L55 48.3 2.9 55 
50C3L65 48.3 2.9 65 
50C3L70 48.3 2.9 70 
50C3L75 48.3 2.9 75 
50C3L95 48.3 2.9 95 
50C3L100 48.3 2.9 100 
50C3L105 48.3 2.9 105 
6 
60C3L20 60.3 2.9 20 
60C3L40 60.3 2.9 40 
60C3L50 60.3 2.9 50 
60C3L60 60.3 2.9 60 
60C3L65 60.3 2.9 65 
60C3L70 60.3 2.9 70 
60C3L75 60.3 2.9 75 
60C3L95 60.3 2.9 95 
60C3L100 60.3 2.9 100 
60C3L105 60.3 2.9 105 
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The third and final stage of experimental programme was to find out the effect 
of the changing the orientation of the CFRP layers at the effective bond length, which 
was finalised from the first and second stages of the experimental programme. 
Details of the final test series which consists of series of 7 & 8 are shown in Table 
3.4. For series 7, the first number 40, 50 and 65 indicates the size of the square 
hollow sections, the letter S denotes square hollow sections, T stands for a single 
layer of CFRP in the transverse direction and 2L stands for two layers of CFRP in the 
longitudinal directions. Again, 2T stands for two layers of CFRP in the transverse 
direction and L denotes a single layer of CFRP in the longitudinal direction. For 
series 8, the number 40, 50 and 60 indicates the nominal size (NB) of the circular 
hollow sections; the letter C denotes circular hollow sections; T stands for a single 
layer of CFRP in the transverse direction and 2L stands for two layers of CFRP in the 
longitudinal direction. Again, 2T stands for two layers of CFRP in the transverse 
direction and L denotes for a single layer of CFRP in the longitudinal direction. 
Table 3.4: Specimen Details varying CFRP orientation 
Series 
Specimens 
Name 
Width/Diameter 
(mm) 
Thickness 
(mm) 
CFRP Orientation 
7 
40ST2L 40 3 1 Transverse+ 2 Longitudinal 
40S2TL 40 3 2 Transverse+ 1 Longitudinal  
50ST2L 50 3 1 Transverse+ 2 Longitudinal 
50S2TL 50 3 2 Transverse+ 1 Longitudinal  
65ST2L 65 3 1 Transverse+ 2 Longitudinal 
65S2TL 65 3 2 Transverse+ 1 Longitudinal  
8 
40CT2L 42.4 3.2 1 Transverse+ 2 Longitudinal 
40C2TL 42.4 3.2 2 Transverse+ 1 Longitudinal  
50CT2L 48.3 2.9 1 Transverse+ 2 Longitudinal 
50C2TL 48.3 2.9 2 Transverse+ 1 Longitudinal  
60CT2L 60.3 2.9 1 Transverse+ 2 Longitudinal 
60C2TL 60.3 2.9 2 Transverse+ 1 Longitudinal  
 
3.3 MATERIALS PROPERITES 
A high degree of performance is necessary from the bond between the CFRP 
materials and steel in order to fully utilise the applied strengthening material. The 
basic requirements for good bond are direct contact between the adhesive and the 
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steel and CFRP substrates, and the removal of weak layers or contamination at the 
interface (Hutchinson, 1987).  
The durability of an adhesive joint will depend mainly upon the exposure of the 
bond to extreme temperatures and/or moisture.  
3.3.1 Fibre and Adhesive  
There are certain requirements adhesives should meet for effectively bonding 
CFRP composite materials to steel. These requirements depend on the type of 
composite, the application process, and the environment of its application. Adhesives 
on the market today have been developed to meet certain requirements of the industry 
that uses them.  
Failure of a strengthened or rehabilitated steel member should not happen 
because of premature debonding of the composite material; rather, the system should 
expect good bond strength within the adhesive layer, so that it is governed by the 
ultimate stress capacity of the CFRP composite.  
Secondly, the adhesive must be sufficiently durable in the environment of its 
application for the steel member to match the life expectancy of the structure. 
Thirdly, the adhesive application process should be easy to utilise in field conditions. 
Working an adhesive beyond its pot life may affect the bond strength, since a portion 
of the adhesive has completed the reaction process beyond the pot life. The pot life 
and rate of cure are also important in determining the amount of material that can be 
applied at one time.  
All of the materials used in the bonding process should undergo quality 
assessment by material property testing to find the degree of strengthening. It is 
common practice to obtain the measured material properties such as tensile strength, 
modulus of elasticity and ultimate strain rather than relying on the values supplied by 
the manufacturer. In this research, the material properties will be used from the 
coupon test results of Fawzia (2008). 
MBRACE Fibre  
MBRACE Fibre and MBRACE Saturant were chosen as the fibres and 
adhesive for this testing based on their material properties which were matched with 
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the above discussion. Above all, MBrace Fibre and MBrace Saturants are very 
popular and available fibre in Australia. Most of the work has been done in Austarlia 
by using these materials. On this basis these study was carried out with MBrace Fibre 
and MBraced Saturant. These products are produced by the BASF Construction 
Chemicals Australia Pty. Ltd. as part of their Fibre Reinforced Polymer Systems. 
Specifically, MBRACE CF130 fibres will be used in the experimental study. The roll 
of CFRP is shown in Figure 3-2.  
 
Figure 3-2: Roll of Carbon Fibre Reinforced Polymer 
This product is a high tensile, unidirectional carbon fibre sheet of nominal 
strength. These carbon fibres have a Young’s Modulus of 240 GPa and a tensile 
strength of 3800 MPa (BASF, 2007). The properties of the fibres provided by the 
manufacturer and measured by Fawzia (2008) are summarised in Table 3.5 and 3.6, 
respectively. 
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Table 3.5: Properties of MBrace CF 130 specified by the manufacturer (BASF Construction 
Chemicals Australia Pty Ltd) 
Fibre reinforcement Carbon- High Tensile 
Fibre Density 1.7 g/cm3 
Fibre Modulus 240 GPa 
Fibre weight 300g/m2 
Thickness 0.176mm 
Tensile strength 3800MPa 
Ultimate Tensile elongation   1.55% 
 
Table 3.6: Properties of MBRACE CF130 measured by Fawzia (2008) using coupon tests. 
Fibre reinforcement Carbon- High Tensile 
Fibre Density 1.7 g/cm3 
Fibre Modulus 230 GPa 
Fibre weight 300g/m2 
Thickness 0.176mm 
Tensile strength 2675MPa 
Ultimate Tensile elongation 1.20% 
 
MBRACE Saturant 
MBRACE Saturant is a two part epoxy resin. According to the manufacturer’s 
specifications this adhesive has a Young’s Modulus greater than 3000 MPa 
(BASF,2006). The resin should be mixed in a 3:1 ratio of Part A to Part B, and will 
be applied using a brush in a Wet Lay Up method (BASF, 2006). The properties of 
the adhesive provided by the manufacturer and measured by Fawzia (2008) are 
summarised in Table 3.7 and Table 3.8 respectively. 
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Table 3.7: Properties of Adhesive MBrace Saturant specified by the manufacturer (BASF 
Construction Chemicals Australia Pty Ltd)   
Adhesive Properties 
Elastic Modulus  3034 MPa 
Tensile strength  55.2 MPa 
Ultimate strain 2.5% 
 
Table 3.8: Properties of Adhesive MBrace Saturant measured by Fawzia(2008) using coupon tests.  
Adhesive Properties 
Elastic Modulus  2028 MPa 
Tensile strength  24.8 MPa 
Ultimate strain 1.46% 
3.3.2 Steel   
The steel used in the testing was Grade 300PLUS 350LO produced by 
OneSteel. According to OneSteel product data, a 2.90mm- 3.0mm thick structural 
hollow sections of Grade 350LO has a design yield strength of 350 MPa and a design 
tensile strength of 430 MPa. The properties of steel are specified in Table 3.9. 
OneSteel products are widely used in Australia and considering time constrain, lab 
facilities and other factors, it seems good to use the manufacturer data.    
Table 3.9: Specified Minimum Mechanical Properties of Cold Formed Hollow Section Steel 350LO 
specified by the manufacturer (Onesteel Market Mills Ltd) 
Product 
Designation 
Standard or 
Specification 
Grade Minimum 
Yield 
Stress fy                                                                   
(MPa) 
Minimum 
Tensile 
Strength fu
(MPa) 
DuraGal® 
CHS 
DuraGal 
C350 
C350
LO 
350 430 
 
 24 Chapter 3: Experimental Investigation 
3.4 SURFACE PREPARATION 
Surface preparation of the metal substrate is very important for a good bond 
between the metal and the CFRP (Fawzia et. al. 2007). The most favoured adhesion 
between CFRP materials and steel is the absorption mechanism, with mechanical 
interlocking also playing an important role. When steel structures are strengthened 
with adhesively bonded CFRP, adhesion failure is much more likely to occur at the 
steel/adhesive interface than at the CFRP/adhesive interface. The strength of the 
adhesive bond is directly proportional to the quality of the surfaces to which it is 
mated. In reaching an optimum surface condition for adhesive bonding, it is 
necessary to first understand all the different possible bonding mechanisms. A review 
of the literature found that the main mechanisms are as follows: 
 (a) Physical bonding: there are two types of bonding: adsorption and 
electrostatic attraction. When the adhesive and substrate are in direct contact, the 
molecules of the adhesive can be physically adsorbed onto the surface of the 
substrate by the mechanism of molecular attraction known as van der Waal’s forces. 
The absorption theory is that the adhesive and the substrate are in intimate molecular 
contact and weak secondary or van der Waal’s forces operate between them. 
According to electrostatic theory, adhesions is due to the forces of attraction 
occurring between the adhesive and the adherend surface arising from the transfer of 
electrons between them (Fernando,2010).  
(b) Chemical bonding: covalent or ionic bond formed between the adhesive and 
the adherend is termed as Chemical bonding. 
(c) Mechanical interlocking: making the surface rough with crevices and pores 
so that adhesive in a liquid form penetrates into these crevices and pores. The 
adhesive and substrate become mechanically interlocked when the applied liquid 
adhesive fills into the pores of an irregular surface and hardens. A rough surface 
improves energy dissipation and helps assure that any cracks formed near the 
adhesive-substrate interface will change direction as a result of the irregular surface, 
and be diverted diverting any cracks into the body of the adhesive. Additionally, 
rough surfaces have a larger surface area than a smooth one, allowing for more 
absorption of the adhesive. Good mechanical interlocking requires irregularities in 
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the substrate surface and this is why the roughening of substrate surface is required 
prior to bonding. 
Parker (1994) showed that for fibre reinforce composites joints; grit-blasted 
joints have higher peel strengths than do hand-ground. Angular grit removes a grit-
blasting producer of the interactive oxide and hydroxide layers which is produced by 
cutting and deformation of the base material. However, there is still considerable 
usage of hand-grinding in the preparation of steel surfaces in the CFRP sheet 
strengthening of steel structures (Fawzia, 2008). 
3.5 SPECIMEN PREPARATION 
In this experimental study, all specimens in the area bonded for better 
mechanical interlocking were grinded by an angle grinder with a cut off wheel size 
100x2.5x16, as shown in Figure 3-3. After grinding the full specimens were cut at 
the middle and all foreign particles were cleaned with acetone. All specimens were 
prepared in a Fume cupboard. Room temperature varied from 21.1ºC to 22.2ºC and 
airflow of the Instron was 645 L/s. 
 
 
Figure 3-3: Typical specimen grinding by angle grinder 
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   Firstly, all the sections were kept aligned and add small amount of adhesive 
at this cutting edge to have the full specimen. This thin layer has no affect on the 
final bond strength. Two sections were bonded as shown in Figure 3-4 and cured 
them at room temperature for 24 hours.  
 
 
Figure 3-4: Specimens joined by adhesive 
Two parts of MBrace Saturant were mixed at 3:1 ratio as per manufacturer 
technical data sheet (BASF, 2006). The first coat of MBrace Saturant was applied by 
brush, then MBrace Fibre was installed, and trapped air and excess adhesive was 
removed by rolling with a ribbed roller in the direction of fibres only.  Excess 
adhesive was wipe out lightly with soft cloths. After applying, the first layer, the 
specimen was left to dry at room temperature for up to 24 hours. Another layer of 
CFRP was applied on wet-to-wet surface as per manufacturer technical data sheet 
(BASF, 2006). A second coat of MBrace Saturant was also applied by the brush in 
the direction of the fibres and ensured that the MBrace Saturant was sufficient to wet 
out the total MBrace Fibre. Again ribbed roller was rolled in the fibre direction to 
remove excess adhesive and ensure no air was trapped; then the specimen was left to 
dry at room temperature for 3-4 hours. All these steps were repeated for a third layer 
of MBrace Fibre. Typical CFRP wrapped steel hollow sections are shown in Figure 
3-5. 
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Figure 3-5: Typical CFRP wrapped Steel Hollow Sections. 
3.6 TEST SETUP 
All of the CFRP strengthened steel hollow sections were tested in direct 
tension by a 300 kN hydraulic Instron testing machine using a constant displacement 
rate of 2mm/min. The applied tensile load was recorded using a data acquisition 
system connected to a computer. The typical testing set-up is shown in Figure 3-6. 
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Figure 3-6 : Typical test setup for CFRP wrapped steel hollow sections 
3.7 TEST RESULTS 
This section presents the results of the experimental study, including discussion 
of the failure modes, the ultimate load carrying capacity and the effect of using 
different orientation of unidirectional CFRP. The first and second stage of this 
experimental study focused on the ultimate load carrying capacity of SHS and CHS 
strengthened using CFRP sheets in the longitudinal direction. The final stage of the 
experimental study was to find out the effect of changing the orientation of CFRP 
sheet in different layers at the effective bond length (as described in section 3.7.4), 
which was finalised in the first and second stage of the experimental study. 
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3.7.1 Failure Modes 
All of the tested specimens failed due to steel adhesive interface debonding 
(adhesion failure) (Zhao et al., 2007)as shown in Figure 3-7. Inspection of the failure 
surface suggested that the failures typically occurred within a thin layer of adhesive at 
the surface of the steel section.  
Due to the sudden brittle nature of the failure, it was not possible to identify the 
location of the initiation of the debonding, whether at the steel joint or near the end of 
the bonded CFRP. Jiao & Zhao (2004) observed a similar failure in a test on a VHS 
(Very high strength) steel tubes strengthened using normal modulus of CFRP. 
 
 
Figure 3-7: Typical failure mode for the specimens. 
3.7.2 Load carrying capacities of SHS 
The ultimate load carrying capacities and failure modes of 40x40x3SHS are 
shown in Table 3.10. The bond length was varied from 10mm to 110mm. With a 
bond length of 10mm, the 40S3L10 specimen failed very early because of the short 
bond length and poor grinding. For 10mm to 60mm bond lengths, all the specimens 
were grinded in the same pattern, so their load carrying capacity gradually increased. 
However, the load carrying capacity was still very poor.   
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Table 3.10 : Ultimate load carrying capacities of 40 x 40 x 3 SHS 
SL. 
No. 
Specimens Size 
(mm) 
Thickness 
(mm) 
Bond Length 
(mm) 
Ultimate Load      
PuEXP (kN) 
Failure Mode 
1. 40S3L10 40 3 10 1.6 
Steel adhesive 
interfaces 
debonding.  
2. 40S3L20 40 3 20 8.7 
3. 40S3L30 40 3 30 10.4 
4. 40S3L40 40 3 40 11.4 
5. 40S3L50 40 3 50 13.4 
6. 40S3L60 40 3 60 22.1 
7. 40S3L70 40 3 70 50.9 
8. 40S3L75 40 3 75 54.5 
9. 40S3L85 40 3 85 54.7 
10. 40S3L110 40 3 110 58.0 
 
 
Figure 3-8 shows two different grinding patterns: (a) Good Grinding and (b) 
Bad Grinding. Six specimens of the 1st series, 40S3L10, 40S3L20, 40S3L30, 
40S3L40, 40S3L50 and 40S3L60 were poorly grinding as shown in Figure 3-8(b). 
Therefore, they failed with very small loads. From this result, it was determined that 
surface preparation of a steel structure is a major issue for good bonding strength and 
it was adhesion failure. Specimen 40S3L60 carried only 22.1kN but specimen 
40S3L70 carried 50.9kN, which is 130% more for only a 10mm bond length 
increment. The load carrying capacity increased by improving the grinding pattern, as 
shown in Figure 3-8(a).  
 
Figure 3-8: Grinding surface of Steel hollow section 
Table 3.11 shows the failure modes and the ultimate load carrying capacities of 
CFRP strengthened 50x50x3 SHS at different bond lengths. The load carrying 
capacity increased with the increment bond length but the increase rate of loads was 
not the same for all increments of bond lengths. For shorter bond lengths, the 
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increase was high but above 75mm bond length, the increase rate flattened. Specimen 
50S3L10 carried a load of 22.5kN and specimen 50S3L50 carried 58.5kN, which was 
160% more for a 40mm increment of bond length. However, specimen 50S3L75 
carried 59.6kN and specimen 50S3L115 was able to carry 64.9kN, which was only 
8.9% more for a 40mm increment of bond length. 
Table 3.11: Ultimate load carrying capacities of 50 x 50 x 3 SHS 
SL. 
No. 
Specimens Size 
(mm) 
Thickness 
(mm) 
Bond Length 
(mm) 
Ultimate Load 
PuEXP (kN) 
Failure Mode 
1. 50S3L10 50 3 10 22.5 Steel adhesive 
interface 
debonding 
2. 50S3L20 50 3 20 37.2 
3. 50S3L30 50 3 30 35.1 Premature failure 
4. 50S3L50 50 3 50 58.5 Steel adhesive 
interface 
debonding 
5. 50S3L75 50 3 75 59.6 
6. 50S3L85 50 3 85 64.0 
7. 50S3L95 50 3 95 59.4 Premature failure 
8. 50S3L105 50 3 105 63.2 Steel adhesive 
interface 
debonding 
9. 50S3L115 50 3 115 64.9 
 
 
Table 3.12 shows the failure modes and the ultimate load carrying capacities of 
CFRP strengthened 65x65x3 SHS. The load carrying capacity increased with the 
increment of bond length but the increase rate was not the same for all increments. 
For shorter bond lengths, the rate was high, but above 75mm bond length the rate 
became flattened. Specimen 65S3L35 carried 63.6kN and specimen 65S3L70 carried 
79.0 kN which was 24.24% more for 35mm increment of bond length. However, 
specimen 65S3L75 carried 79.3kN and specimen 65S3L100 was able to carry 
81.8kN, which was only 3.15% more for a 25mm increment of bond length. 
Therefore, the ultimate load carrying capacity of SHS increases rapidly for lower 
bond lengths but became almost flat for higher bond lengths. 
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Table 3.12: Ultimate load for 65 x 65 x 3 SHS 
SL. No. Specimens Size 
(mm) 
Thickness 
(mm) 
Bond Length 
(mm) 
Ultimate Load      
PuEXP (kN) 
Failure Mode 
1. 65S3L35 65 3 35 63.6 Steel adhesive 
interface 
debonding. 
2. 65S3L45 65 3 45 74.6 
3. 65S3L55 65 3 55 75.8 Premature failure 
4. 65S3L70 65 3 70 79.0 Steel adhesive 
interface 
debonding. 
5. 65S3L75 65 3 75 79.3 
6. 65S3L85 65 3 85 74.8 Premature failure 
7. 65S3L90 65 3 90 81.7 Steel adhesive 
interface 
debonding. 
8. 65S3L95 65 3 95 81.8 
9. 65S3L100 65 3 100 81.8 
 
Specimens 50S3L30, 50S3L95, 65S3L55 and 65S3L85 carried lower loads 
because of poor specimens with air voids in the first layer of CFRP, as shown in 
Figure 3-9. Using a clamp is a good practice for better bonding of steel sections. 
However, it is difficult to do this for Square Hollow Section, as corners are filleted 
with a small radius. For 3mm or lower thickness of steel, the fillet radius is twice the 
section thickness, and in sections above 3mm thickness it is 1.5 times. Therefore, in 
field conditions it is very difficult to provide effective clamp. Air compression can be 
an alternative solution in field conditions. Considering these difficulties, in these 
experiments, no clamp was used for squeezing out the excess adhesive.  
 
 
Figure 3-9: Specimen with voids 
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3.7.3 Load carrying capacities of CHS 
This following stage of experimental study consisted of Circular Hollow 
Sections (CHS).  
Table 3.13 shows the ultimate load carrying capacities of specimens 40C3L20 
to 40C3L105. The load carrying capacity of CHS with a diameter of 42.4mm and 
thickness of 3.2mm increased rapidly for lower bond lengths and became almost flat 
with higher bond lengths. Specimen 40C3L20 carried 24.2kN and 40C3L40 carried 
48.0kN, which was 98% more for a 20mm increment of bond length. However, 
specimen 40C3L75 carried 54.0kN and specimen 40C3L105 carried 54.8kN, which 
was only 1.35% more for a 30mm increment of bond length. 
Table 3.13: Ultimate load carrying capacities for 42.4 diameter CHS 
SL. 
No. 
Specimens Dia. 
(mm) 
Thickness 
(mm) 
Bond Length 
(mm) 
Ultimate Load 
PuEXP (kN) 
Failure 
Mode 
1. 40C3L20 42.4 3.2 20 24.2 
Steel 
adhesive 
interface 
debonding
. 
2. 40C3L40 42.4 3.2 40 48.0 
3. 40C3L60 42.4 3.2 60 47.9 
4. 40C3L65 42.4 3.2 65 51.6 
5. 40C3L70 42.4 3.2 70 52.6 
6. 40C3L75 42.4 3.2 75 54.0 
7. 40C3L85 42.4 3.2 85 53.9 
8. 40C3L95 42.4 3.2 95 54.7 
9. 40C3L105 42.4 3.2 105 54.8 
 
Table 3.14 shows the ultimate load capacities of specimens from 50C3L25 to 
50C3L105. The load carrying capacity of CHS of diameter 48.3mm and thickness 
2.9mm increased rapidly for lower bond length and became almost flat with higher 
bond lengths. Specimen 50C3L25 carried 35.4kN and specimen 50C3L65 carried 
55.0kN, which was 55% more for a 40mm increment of bond length. However, 
specimen 50C3L75 carried 60.2kN and specimen 50C3L105 was able to carry 
63.9kN, which was only 6.24% more for a 30mm increment of bond length. 
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Table 3.14: Ultimate load carrying capacities for 48.3 diameter of CHS 
SL. No. Specimens Dia. 
(mm) 
Thickness 
(mm) 
Bond Length 
(mm) 
Ultimate Load 
PuEXP (kN) 
Failure Mode 
1. 50C3L25 48.3 2.9 25 35.4 
Steel 
adhesive 
interface 
debonding. 
2. 50C3L35 48.3 2.9 35 37.9 
3. 50C3L45 48.3 2.9 45 45.9 
4. 50C3L55 48.3 2.9 55 44.2 
5. 50C3L65 48.3 2.9 65 55.0 
6. 50C3L70 48.3 2.9 70 52.1 
7. 50C3L75 48.3 2.9 75 60.2 
8. 50C3L95 48.3 2.9 95 60.2 
9. 50C3L100 48.3 2.9 100 62.2 
10. 50C3L105 48.3 2.9 105 63.9 
 
Table 3.15 presents the ultimate load carrying capacities of specimens 
60C3L20 to 60C3L105. Same observations were made as with CHS of diameter 
48.3mm. Therefore, the ultimate load carrying capacity of CHS increases rapidly at 
lower bond lengths but becomes almost flat for higher bond lengths. 
Table 3.15: Ultimate load carrying capacities for 60.3 diameter of CHS 
SL. 
No. 
Specimens Dia. 
(mm) 
Thickness 
(mm) 
Bond Length 
(mm) 
Ultimate Load 
PuEXP (kN) 
Failure Mode 
1. 60C3L20 60.3 2.9 20 43.7 
Steel adhesive 
interface 
debonding 
2. 60C3L40 60.3 2.9 40 56.7 
3. 60C3L50 60.3 2.9 50 60.7 
4. 60C3L60 60.3 2.9 60 66.7 
5. 60C3L65 60.3 2.9 65 61.9 Premature failure 
6. 60C3L70 60.3 2.9 70 66.7 Steel adhesive 
interface 
debonding 
7. 60C3L75 60.3 2.9 75 70.8 
8. 60C3L95 60.3 2.9 95 67.9 Premature failure 
9. 60C3L100 60.3 2.9 100 73.5 Steel adhesive 
interface 
debonding. 
10. 60C3L105 60.3 2.9 105 72.8 
 
3.7.4 Effective Bond Length  
The length, which created the maximum stress in CFRP layers, is termed 
effective bond length. The effective bond length carries the maximum load of CFRP 
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layers (Fawzia, 2008). On the other hand, the load carrying capacity reaches a plateau 
when the specimen exceeds the effective bond length. There is no significant increase 
in load carrying capacity after the effective bond length (Hajjar et al., 2005). 
The load carrying capacities of CHS and SHS are shown in Figure 3-10 and 
Figure 3-11 respectively. In Figure 3-10 PuExp_40C, PuExp_50C and PuExp_60C 
represent the ultimate load carrying capacity of CHS with diameters of 42.4mm, 
48.3mm and 60.3mm, respectively. In Figure 3-11, PuExp_40S, PuExp_50S and 
PuExp_65S represent the ultimate load carrying capacity of SHS with sizes of 40x40, 
50x50 and 65x65mm, respectively. Both sets of results show that the load carrying 
capacity increases with bond length increment. For short bond lengths such as 10mm, 
20mm or 30mm, the specimens carried their very low ultimate load for their small 
contact surface but long bond lengths such as 80mm, 90mm or 100mm specimens 
need to be debonded large contact area. Though contact areas for 70mm or 100mm 
bond lengths were large, they did not carry more loads compared with 75mm bond 
length. The load carrying capacity increased very little for further increments of bond 
length after 75mm bond length. The load carrying capacity became almost flat after 
75mm bond length. Therefore, it is concluded that the effective bond length for SHS 
and CHS tested in this research is 75mm. The same phenomenon of effective bond 
length was observed by Fawzia et al. (2005) for very high strength steel tubes. 
 
 
Figure 3-10: Effective Bond Length for CHS 
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Figure 3-11: Effective Bond Length for SHS 
3.7.5 Effect of varying sizes for CHS and SHS 
Steel hollow sections are widely used in truss frameworks, buildings, bridge 
and marine structures and diverse amusement parks structures. The sizes of steel 
hollow sections are different according to their uses. Therefore, it is common practice 
to join different sections for different sizes. Figure 3-10 shows the ultimate load 
carrying capacities of specimens 40C, 50C and 60C, whose diameters were 42.4mm, 
48.3mm and 60.3mm and thickness were 3.2mm, 2.9mm and 2.9mm respectively. 
The 40C series specimens’ cross sectional area were 394.081 mm2 with a D/t ratio 
13.25.  The cross sectional areas of 50C specimens were 413.622mm
2
 with a D/t 
ratio of 16.65, and cross sectional areas of 60C specimens were 522.949mm
2
 with a 
D/t ratio  of 20.79. It was observed that the effective bond length 75mm was the same 
for all the sizes of tested specimens. The ultimate load carrying capacities of the 
40C3L75 specimen, 50C3L75 specimen and 60C3L75 specimen were 54.0kN, 
60.2kN and 70.8 kN respectively. The cross sectional area of specimens’ 50C and 
60C increased 5% and 32% with respect to specimen 40C. Similarly, the ultimate 
load carrying capacity of specimens 50C and 60C increased 10% and 31% with 
respect to specimen 40C. The sectional capacity of steel hollow sections increases 
with the increment of thickness for same diameter of the CHS. Therefore, it is 
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suggested that the load carrying capacity was not increase proportionately with the 
increment of their CFRP bonded cross sectional area. 
Figure 3-11 shows the ultimate load carrying capacity of the specimens 40S, 
50S and 65S whose sizes were 40mm, 50mm and 65mm respectively, with a 
thickness of 3.0mm. The 40S series specimens’ cross sectional area was 420.823 
mm
2
 with a (b-2t)/t ratio of 13.25.  The cross sectional areas of 50S specimens were 
540.82mm
2
 with a (b-2t)/t ratio of 16.66 and the cross sectional areas of 65S 
specimens were 720.82mm
2
 with a (b-2t)/t ratio of 19.67. It was observed that the 
effective bond length, 75mm, was same for all sizes of specimens. The ultimate load 
carrying capacity of the 40S3L75 specimen, 50S3L75 specimen and 65S3L75 
specimen were 54.5kN, 59.6kN and 79.3kN respectively. The cross sectional area of 
specimens 50S and 65S increased 28% and 71% respectively compared to specimen 
40S. Similarly, the ultimate load carrying capacity of specimens 50S and 65S 
increased 9% and 45% respectively compared to specimen 40S. The sectional 
capacity of steel hollow sections increases with the increment of thickness for same 
diameter of the SHS. Therefore, it was found that the load carrying capacity did not 
increase proportionately with the increment of their bonded cross sectional area. 
3.7.6 Effect of varying shapes for CHS and SHS 
The curvature of CHS was the same for all specimens through the section, but 
in the case of SHS it was different. Figure 3-12 shows that four corners of the SHS 
were filleted with a small radius of their thickness, and four sides were straight. The 
straight parts acted as a flat plate and the corner fillets acted as CHS. This difference 
of shape affected their load carrying capacity.  
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Figure 3-12: Corner Geometry for Determining Section Properties of SHS (OneSteel Market Mills 
Publications)   
Table 3.16 shows the effect of varying shapes of CHS and SHS. Specimen 
40S3L75 and specimen 40C3L75 had almost the same cross sectional area and the 
ultimate load carrying capacity. However, specimen 50S3L75 had 31% more cross 
sectional area than specimen 50C3L75, but carried 0.9% less ultimate load. 
Specimen 65S3L75 had 27.5% more cross sectional area than specimen 60C3L75, 
but the load carrying capacity was only 10.8% more than specimen 60C3L75. 
Therefore, due to the varying shapes of steel hollow sections, the load carrying 
capacity is not dependent on their cross sectional area. 
Table 3.16 : Effect of varying shapes for CHS and SHS 
SL. No. Specimens Area 
(mm
2
) 
Thickness 
(mm) 
Ultimate Load  
PuEXP (kN) 
Failure Mode 
1. 40S3L75 420.823 3.0 54.5 
Steel adhesive 
interface 
debonding. 
2. 40C3L75 394.081 3.2 54.0 
3. 50S3L75 540.823 3.0 59.6 
4. 50C3L75 413.622 2.9 60.2 
5. 65S3L75 720.823 3.0 79.3 
6. 60C3L75 522.949 2.9 70.8 
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3.7.7 Effect of varying orientation of CFRP layers  
The experimental study was concluded to determine the effect of varying 
orientations of unidirectional CFRP sheets for bond strength of CFRP strengthened 
CHS and SHS. Another six specimens of CHS and SHS were tested to understand 
the effect of varying CFRP orientation at effective bond length for bond strength, 
joined by adhesive and CFRP sheet. Figure 3-13 shows the different orientations of 
CFRP layers. Figure 3-13 (a) shows that three layers of CFRP in the longitudinal 
direction denoted as (3L). Figure 3-13 (b) shows the first two layers of CFRP in the 
longitudinal direction and one layer of CFRP in the transverse direction denoted as 
(2LT) and Figure 3-13 (c) shows the first layer of CFRP in the longitudinal direction 
and the next two layers of CFRP in the transverse direction denoted as (L2T).   
 
 
Figure 3-13: Different orientation of CFRP 
Figure 3-14 shows the differences of load carrying capacities of CHS for 
different orientations of CFRP sheets. 40C, 50C and 60C represent the CHS of 
diameter 42.4mm, 48.3 and 60.3mm respectively. The specimens with three layers in 
the longitudinal direction (3L) carried the maximum ultimate loads compared with 
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other variations in CFRP orientations. Two layers in the transverse direction and one 
layer in the longitudinal direction (L2T) carried the minimum ultimate loads.  
 
 
Figure 3-14: Effect of varying orientation of CFRP layers for CHS 
Table 3.17 shows the ultimate load carrying capacities of CHS wrapped with 
CFRP layers in different directions at the effective bond length. Specimen 40C3L 
carried 21% and 38% more than specimen 40C2LT and specimen 40CL2T 
respectively. Specimen 50C3L carried 20% and 32% more than specimen 50C2LT 
and specimen 50CL2T respectively. Again, specimen 60C3L carried 20% and 24% 
more than specimen 60C2LT and specimen 60CL2T respectively. 
Table 3.17 also shows that the D/t ratio of specimens’ 50C and 60C increased 
25% and 57% with respect to specimen 40C. The load carrying capacity of specimens 
50C3L and 60C3L increased 11% and 31% with respect to 40C3L. Again, load 
carrying capacity of specimens 50C2LT and 60C2LT increased 13% and 34% with 
respect to 40C2LT and specimens 50CL2T and 60CL2T increased 21% and 60% 
with respect to 40CL2T. Therefore, it was shown that the specimens wrapped all 
layers in the longitudinal directions (3L) were carrying the highest ultimate loads for 
CHS. 
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Table 3.17: Effect of varying orientation of CFRP layers for CHS 
SL. 
No. 
Specimens Dia. 
(D) 
(mm) 
Thickness 
(t) 
(mm) 
 D/t 
Ratio 
Bond Length 
(mm) 
Ultimate Load 
PuEXP (kN) 
1. 40C3L 42.4 3.2 13.25 75 54.0 
2. 40C2TL 42.4 3.2 13.25 75 42.7 
3. 40CT2L 42.4 3.2 13.25 75 33.8 
4. 50C3L 48.3 2.9 16.66 75 60.2 
5. 50C2TL 48.3 2.9 16.66 75 48.0 
6. 50CT2L 48.3 2.9 16.66 75 40.9 
7. 60C3L 60.3 2.9 20.79 75 70.8 
8. 60C2TL 60.3 2.9 20.79 75 57.0 
9. 60CT2L 60.3 2.9 20.79 75 54.0 
 
 Figure 3-15 shows the load carrying capacities of SHS with different 
orientations of CFRP layers at 75mm bond lengths. 40S, 50S and 65S represented the 
SHS of sizes 40mm, 50 and 65mm respectively. All the specimens with three layers 
of CFRP in the longitudinal direction achieved higher load carrying capacities. 
However, the load carrying capacity decreased with the increment of CFRP layers in 
the transverse direction.   
 
 
Figure 3-15: Effect of varying orientation of CFRP layers for SHS 
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Table 3.18 shows that specimen 40S3L carried 12% and 36% more than 
specimen 40S2LT and specimen 40SL2T respectively. Specimen 50S3L carried 6% 
and 36% more than specimen 50S2LT and specimen 50SL2T respectively, and 
specimen 65S3L carried 15% and 37% more than specimen 65S2LT and specimen 
65SL2T respectively.  
 
Table 3.18 also shows that the (b-2t)/t ratio of specimens 50S and 65S 
increased 29% and 73% with respect to specimen 40S. The load carrying capacity of 
specimens’ 50S3L and 65S3L increased 9% and 45% with respect to 40S3L. The 
load carrying capacity of specimens 50S2LT and 65S2LT increased 16% and 41% 
with respect to 40S2LT, and specimens 50SL2T and 65SL2T increased 7% and 42% 
with respect to 40SL2T. Therefore, it was shown that the specimens wrapped all 
layers in the longitudinal directions (3L) were carrying the highest ultimate loads for 
SHS. 
 
Table 3.18: Effect of varying orientation of CFRP layers for SHS 
SL. 
No. 
Specimens Size 
(b) 
(mm) 
Thickness 
(t) 
(mm) 
 (b-2t)/t 
Ratio 
Bond 
Length 
(mm) 
PuEXP 
(kN) 
1. 40S3L 40x40 3.0 11.33 75 54.5 
2. 40S2LT 40x40 3.0 11.33 75 48.0 
3. 40SL2T 40x40 3.0 11.33 75 34.9 
4. 50S3L 50x50 3.0 14.67 75 59.6 
5. 50S2LT 50x50 3.0 14.67 75 55.9 
6. 50SL2T 50x50 3.0 14.67 75 37.3 
7. 65S3L 65x65 3.0 19.67 75 79.3 
8. 65S2LT 65x65 3.0 19.67 75 67.5 
9. 65SL2T 65x65 3.0 19.67 75 49.7 
 
3.8 SUMMARY AND CONCLUSIONS 
In this chapter, the laboratory test results of CFRP strengthened CHS and SHS 
under tension loading are presented. The investigated variables were CFRP bond 
lengths, the size and shape of steel hollow sections and the different orientations of 
 Chapter 3: Experimental Investigation 43 
CFRP sheets. The findings from the laboratory test results are summarised as 
follows: 
1. All the specimens failed by steel adhesive interface debonding.  
2. Surface preparation is directly involved in the load carrying capacity of 
specimens. Rough surfaces increased the adhesion by mechanical 
interlocking and because of this, the load carrying capacity of the 
specimens increase. 
3. The ultimate load carrying capacity of CHS and SHS increases rapidly 
with lower bond lengths but becomes almost flat in higher bond lengths. 
4. The load carrying capacity increased very little for further increments of 
the bond length to greater than 75 mm bond length. The load carrying 
capacity became almost flat after 75mm. Therefore, it can be concluded 
that the effective bond length is 75mm for both circular and square steel 
hollow sections. 
5. The load carrying capacity did not increased proportionately with the cross 
sectional area of circular hollow sections and for square hollow sections. 
6. Three layers, oriented in longitudinal directions carried higher load 
compare with other orientations of layers for both CHS and SHS. 
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Chapter 4: Finite Element Analysis  
This chapter presents a nonlinear finite element (FE) model for the analysis of 
steel hollow sections wrapped by normal modulus carbon fibre reinforced polymer 
(CFRP) sheets. The steel hollow section chosen for the analysis is circular and square 
in shape. The bond strength of CFRP wrapped circular and square steel hollow 
sections under tension is investigated using the FE model. The proposed FE models 
are three dimensional models which have been created by Strand 7 finite element 
software. Non-linear static analysis was conducted using the model. The model was 
validated with the experimental results, which are stated in Chapter 3. A detailed 
parametric study was performed to identify the effective bond lengths for different 
sizes and shapes of steel sections. Based on the present analysis results, longitudinal 
and transverse stress distributions in different layers of CFRP have been obtained. 
4.1 BACKGROUND 
Finite Element Analysis (FEA) method is a powerful computational technique 
for approximate solutions to a verity of “real-world” engineering problems in 
complex domains subjected to general boundary conditions. The finite element 
numerical simulation is found to be a very efficient method for studying the CFRP 
bond behaviour especially when there are very small changes in load. Nowadays, 
with the development of computer technology, FEA has become an effective method 
which can lead the researcher to understand the mechanism of the debonding failure 
with the interactive processing FE software Cui, Wang, Shi, & Liu,(2009). 
This chapter describes the application of FEA models developed using finite 
element analysis software Strand7 in order to understand the bond characteristics of 
steel hollow sections wrapped with CFRP sheets. As a first step preliminary models 
have been validated by using the results from experimental analysis. Then the models 
were used to do parametric study and to determine the stress distributions of CFRP 
wrapped steel hollow sections under tensile loading.  
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4.2 FINITE ELEMENT MODEL DEVELOPMENT  
To create the FE model, a cylindrical coordinate system was selected for 
circular sections but for square sections a Cartesian coordinate system was selected.  
To determine the failure mode of the CFRP strengthened steel hollow sections, 
all materials were modelled as brick elements. Figure 4-1 shows that the square 
section is 400mm long; the thickness is 3 mm, and size varies from 40mm to 65mm. 
In Figure 4-1 S1 represented the smaller bond length (L1) portion and S2 represents 
the longer bond length (L2). L2 was kept longer predominately for failure to happen 
in shorter bond length (L1). Also horizontal bonding was used on the top of the 
longitudinal bonding on L2 for failure to happen in L1 bond length. The portion S1 in 
Figure 4-1 has been modelled in FE analysis because the failure should happen on 
the smaller bond length (L1) and it will help the model to be simplified. In the model 
of circular hollow section, the Z-axis of the coordinate system coincides with the 
longitudinal axis of the hollow section. The R and T axis represent the radial and 
hoop directions of the cylinder respectively. For the square hollow sections, x and y 
axis represents the horizontal and vertical directions of square hollow section. Top 
end of the steel section is fixed rotation but free in translation, i.e., the three degrees 
of freedom on that surface are constrained and others are free. Top end of the CFRP 
section is fixed rotation and in z axis translation but free in x axis and y axis 
translation, i.e., the four degrees of freedom on that surface are constrained and 
others are free. Adhesive in between of the two materials this is why it follows steel 
sections retrains for inner side and others side follow the restrain conditions of 
CFRP. In FE model, all the different layers of CFRP are created as an individual 
layer to find the load carrying capacity of each layer. A uniform displacement was 
applied at the bottom end nodes of steel sections in the axial direction. The axial 
displacement was increased gradually until the CFRP failed.  
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Figure 4-1: Schematics view of experimental Specimen 
Figure 4-2 shows the FE model representing a longitudinal section of square 
hollow sections, the portion S1 in Figure 4-1. The FE model was validated by 
experimental results and then a parametric study was carried out. 
 
 
Figure 4-2: Typical FE model of square hollow sections 
 
4.2.1 FE mesh and element details 
The brick elements in Strand7 are three-dimensional elements which are used 
to represent 3D models. The three dimensional brick elements have three 
translational degrees of freedom and these translational degrees of freedom are 
always expressed as global components.  
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In the present model, an 8-node hexahedral brick element was selected for all 
types of materials. Solid Mesh was used to automatically create quadratic tetrahedral 
meshes from enclosed plate mesh boundaries forming a volume.  A plate mesh was a 
requirement for solid meshing as a "skin" to form a closed volume.  It was desirable 
to have optimum angles for the plate skin. Quad4 was used for the "skin" mesh of 
this model. Steel and adhesive in this model were developed as an isotropic material 
which has the same elastic moduli in all directions. For all types of elements, the 
isotropic material input data are the same: Young’s modulus, shear modulus, 
Poisson’s ratio, mass density, thermal expansion coefficient and structural damping 
coefficient.  
 
      (4.1) 
As E, G and ѵ should satisfy only two of the three values need to be assigned, 
and the third one will be calculated based upon the above relationship. Strand7 
requires the input of E and either G or ѵ. The validity of the input data will be 
checked against the following conditions: E > 0; G > 0 and 0.5 > ѵ > 0. 
The Elasticity Matrices of Isotropic Materials is as follows 
                                     
       1    0 0 0 
    1  0 0 0 
     1 0 0 0 
 Sym.    0 0                               (4.2)             
        0 
           
                                    
      According to the manufacturer data sheet, CFRP,  unidirectional fibre 
composites are a special class of orthotropic materials in which the fibre 
reinforcements are orientated in a single direction. For a composite sheet, the fibres 
are oriented in the 1-2 plane, so that the properties in directions 2 and 3 are equal or 
E22 = E33, G12  = G13 and ν12 = ν13 (Baker et al, 2004). 
Consider a rectangular unidirectional composite sheet with its fibres parallel to 
the longitudinal axis of the hollow sections. If a tensile load is applied in an 
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orientation direction parallel to the fibres, the force exerted on the composite material 
is 
σc Ac =σf Af +σa Aa                 (4.3) 
where, σc is the normal stress in the composite, σf is the normal stress in the fibre, σa 
is the normal stress in the adhesive (Mallick, 1993). Ac, Af and Aa are the net cross-
sectional areas of the composite, fibre and adhesive respectively. The stress present 
in the composite material is,  
σc=σf +σa =σfVf + σaVa                                                                           (4.4) 
where the volume fractions are defined as,  
Vf =   and Va=                                                                                        (4.5) 
Here Vf is the volume fraction of the fibre constituent and Va is the volume 
fraction of the adhesive constituent. If there are no other constituents within the 
composite material, it is obvious that, 
V a = 1−V f                  (4.6) 
Assuming a perfect bond between the fibres and adhesive, the strains in both 
materials are identical. Substituting equation (4.4) in to equation (4.2) and dividing 
by the normal strain, εc results in, 
E L = E f Vf + E a (1− Vf ) =  E11                   (4.7) 
Equation (4.7) is often referred to as the rule of mixtures. Here, EL is 
longitudinal modulus of the composite material. The transverse modulus, ET may be 
defined as  
 
         (4.8) 
(Baker et al, 2004, Staab, 1999), recalling the constants required to characterize an 
orthotropic material, 
E L = E 11                                                                                                                                                        (4.9) 
E T = E22 = E 33               (4.10)  
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                               (4.11) 
  ѵ12 = ѵ13 = ѵfVf + ѵm (1-Vf)                         (4.12) 
To identify the final two constants, the minor Poisson’s ratio is required. This 
is defined as the ratio of the strain in the 1-direction due to the applied strain in 2-
direction. 
Alternatively it may be determined by, 
 
         (4.13) 
(Baker et al, 2004, Staab, 1999) allows calculation of the remaining major 
Poisson’s ratio. 
4.2.2 Material properties 
In the present model, MBrace CF130, MBrace Saturant and steel hollow 
sections were used in the FE model to validate the findings of the experimental 
results. As in the experimental test, all measured material properties were used in the 
FE model. The summary of measured properties of MBrace CF130 by Fawzia (2008) 
is shown in Table 3.6. Coupon tests have been done in laboratory to measure the 
actual yield stress and ultimate stress. The measured data by Fawzia (2008) for 
adhesive MBrace Saturant used in the FE model are shown in Table 3.8.The CFRP 
sheets were modelled as a linear-elastic, orthotropic material. Brick properties of 
CFRP used from the calculation of eq. (4.1- 4.13). Typical mechanical properties of 
CFRP material constituents are listed in Table 4.1. 
Table 4.1: Theoretical mechanical properties of a unidirectional CFRP sheet 
Elastic Tensile(MPa) Shear Moduli(MPa) Poisson’s Ratio 
E11 E22= E33 G12= G13 υ12= υ13 
75783.65 2985.324 1130.948 0.30706 
 
The adhesive was modelled as a linear-elastic, isotropic material and the failure 
criteria was maximum stress. Since the constitutive relationship of the adhesive, 
which was determined experimentally (Fawzia, 2008), was essentially linear, it was 
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not necessary to consider the effect of the adhesive plasticity. In FE model the 
thickness of adhesive layers were considered constant throughout the bond length and 
taken from the average thickness of the tested sample. The properties of steel used 
are from the material data sheet of Strand7. 
4.2.3 Analysis method 
The nonlinear static solver predicts the behaviour of structures with such 
nonlinear behaviour taken into account. In Strand7, three types of nonlinearities can 
be included: geometric, material and boundary nonlinearity. In this model, material 
nonlinearities performed by the following steps:  
1. Initialising the nodal displacement vector;   
2. Setting the current load increment.  
3. Calculating and assembling the element stiffness matrices, equivalent 
element force vectors and external nodal force vectors. Depending on 
material nonlinearity, the current material modulus and geometry were 
used. Constraints were also assembled in this process and the constant 
terms in the enforced displacements. The stiffness matrix need not be 
updated in all iterations.  
4.  Automatic load step adjustment was enabled to control the load increment 
in order to achieve a better convergence rate and more importantly avoid 
divergence.   
5. Realistic model data was essential for the validity and convergence of the 
solution.  If divergence does occur, view the log file (*.NLL) for additional 
information. 
4.3  RESULTS AND DISCUSSION 
4.3.1 Failure mode of FE Model 
Strand7 uses information about the nominal size of the structure to 
automatically give a reasonable displacement scale that clearly shows the 
deformation. Figure 4-3 (a) shows a typical fibre debonding of the CFRP sheets for 
SHS and (b) for CHS. In the case of the experiment, the failure mode was similar as 
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in the FEA. The failure mode was steel adhesive interface debonding.  Figure 4-4 (a) 
shows a typical experimental fibre debonding failure for a square hollow section and 
(b) for a circular hollow section. 
 
 
 
 
Figure 4-3: Failure mode of FE model 
Steel adhesive interface 
debonding 
(a) SHS 
(b) CHS 
Steel adhesive interface 
debonding 
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Figure 4-4: Failure mode of Experimental specimens 
Steel adhesive 
interface debonding 
(a) SHS 
(b) CHS 
Steel adhesive 
interface debonding 
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4.3.2 Effective bond length and ultimate load 
The length which created the maximum stress in CFRP layers is termed as 
effective bond length. The effective bond length carries the maximum load of CFRP 
layers. On the other hand, the load carrying capacity reaches a plateau when it 
exceeds the effective bond length. There is no significant increase in load carrying 
capacity after the effective bond length (Fawzia 2008).  
4.3.2.1 Circular hollow section 
Finite element analyses were carried out for 42.4mm, 48.3mm and 60.3mm 
diameters of steel hollow sections by having thicknesses of 3.2mm, 2.9mm and 
2.9mm respectively, to validate the ultimate load carrying capacities shown in the 
experimental data. The validation of the ultimate load carrying capacities of the 
specimens are listed in Table 4.2, Table 4.3 and Table 4.4.  
Table 4.2 shows the comparison of the load carrying capacity in experimental 
results and FE analysis results of 42.4mm diameter CHS with a thickness 3.2mm. In 
Table 4.2, 40 is defined as the nominal size (NB) of CHS having an outer diameter of 
42.4mm, “C” represents circular hollow sections, 3L represents the three layers of 
CFRP in a longitudinal direction and 20 up to 105 defined the various bond lengths. 
The ratio of the FEA ultimate load carrying capacity and the experimental load 
carrying capacity varies from 0.82 to 1.04. Their average is 0.99 and coefficient of 
variation is 0.07. Therefore, it is a good agreement between FEA and experimental 
results.   
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Table 4.2: Comparison of ultimate load carrying capacities of 42.4 mm dia CHS in the FEA and 
Experimental Result  
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFE / PuEXP  
PuEXP (kN) PuFEA (kN)  
1. 40C3L20 20 24.2 24.2 1.00 
2. 40C3L40 40 48.0 39.2 0.82 
3. 40C3L60 60 47.9 49.7 1.04 
4. 40C3L65 65 51.6 52.4 1.02 
5. 40C3L70 70 52.6 53.7 1.02 
6. 40C3L75 75 54.0 54.3 1.00 
7. 40C3L85 85 53.9 55.5 1.03 
8. 40C3L95 95 54.7 55.5 1.01 
9. 40C3L105 105 54.8 55.8 1.02 
                                                                                          Average             0.99 
                                                                                             COV               0.07 
 
This variation is graphically shown in Figure 4-5. PuExp_C40 represents the 
experimental ultimate load carrying capacity from bond length 20mm to bond length 
105mm and PuFE_C40 shows the results for FE model. Both results show same 
phenomenon that the ultimate load carrying capacity sharply increases for short bond 
lengths but after 75mm bond length it becomes almost flat. The conclusion is that the 
effective bond length of 42.4mm diameter CHS is 75mm. 
 
Figure 4-5: Effective bond length of 42.4mm diameter CHS 
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Table 4.3 shows the comparison of the load carrying capacity in experimental 
results and FE analysis results of 48.3mm diameter CHS having a thickness of 
2.9mm. The ratio of the FEA ultimate load carrying capacity and the experimental 
load carrying capacity varies from 0.99 to 1.2. Their average is 1.06 and coefficient 
of variation is 0.066. So this also shows a good agreement between FEA and 
experimental results. 
Table 4.3: Comparison of ultimate load carrying capacities of 48.3 mm dia CHS in the FEA and 
Experimental Result  
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFE / PuEXP  
PuEXP (kN) PuFEA (kN)  
1. 50C3L25 25 35.4 35.7 1.01 
2. 50C3L35 35 37.9 42.4 1.12 
3. 50C3L45 45 45.9 47.7 1.04 
4. 50C3L55 55 44.2 53.0 1.20 
5. 50C3L65 65 52.0 57.3 1.04 
6. 50C3L70 70 52.1 58.7 1.13 
7. 50C3L75 75 60.2 60.5 1.01 
8. 50C3L85 85 60.2 62.0 1.03 
9. 50C3L95 95 62.2 62.5 1.01 
10 50C3L105 105 63.9 63.1 0.99 
                                                                                          Average             1.06 
                                                                                             COV               0.066 
 
This variation is shown graphically in Figure 4-6 PuExp_C50 represents the 
experimental ultimate load carrying capacity from bond length 25mm to bond length 
105mm and PuFE_C50 shows the results for FE model. Both results show same 
phenomena that the ultimate load carrying capacity sharply increases for short bond 
length but after 75mm bond length it becomes almost flat. It concludes that the 
effective bond length of 48.3mm diameter CHS is 75mm. 
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Figure 4-6: Effective Bond Length of 48.3mm dia. CHS 
 
Table 4.4 shows the comparison of the load carrying capacity of experimental 
results and FE analysis result of 60.3mm diameter CHS having thickness 2.9mm. The 
ratio of the FEA ultimate load carrying capacity and the experimental load carrying 
capacity varies from 0.99 to 1.15. Their average is 1.05 and coefficient of variation is 
0.045. Therefore, it is a good agreement between FEA and experimental results. 
Table 4.4:  Comparison of ultimate load carrying capacities of 60.3 mm dia CHS in the FEA and 
Experimental Result 
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFEA / PuEXP  
PuEXP (kN) PuFEA (kN)  
1. 60C3L20 20 43.681 43.150 0.99 
2. 60C3L40 40 56.691 59.675 1.05 
3. 60C3L50 50 60.706 65.654 1.08 
4. 60C3L60 60 66.651 69.158 1.04 
5. 60C3L65 65 61.910 70.860 1.15 
6. 60C3L70 70 66.665 71.900 1.08 
7. 60C3L75 75 70.770 73.171 1.03 
8. 60C3L95 95 67.936 73.508 1.08 
9. 60C3L100 100 73.508 73.582 1.00 
10 60C3L105 105 72.773 73.589 1.01 
                                                                                          Average             1.05 
                                                                                             COV               0.045 
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This variation is shown graphically in Figure 4-7. PuExp_C60 represents the 
experimental ultimate load carrying capacity from bond length 20mm to bond length 
105mm and PuFE_C60 shows the results for FE model. Both results show same 
phenomena that the ultimate load carrying capacity sharply increases for short bond 
length but after 75mm bond length it becomes almost flat. It concludes that the 
effective bond length of 60.3mm diameter CHS is 75mm. 
 
Figure 4-7: Effective bond length of 60.3mm diameter CHS 
4.3.2.2 Square hollow section 
Another series of finite element analysis was carried out for 40mm, 50mm and 
60mm square steel hollow sections with a thickness of 3.0mm to validate the 
ultimate load carrying capacity with the experimental data. The validations of the FE 
models of the specimens are listed in Table 4.5, Table 4.6 and Table 4.7.  
Table 4.5 shows the variation of the load carrying capacity between FE model 
and experiment of 40mm SHS having a thickness of 3.0mm. This series has different 
grinding pattern for bond length from 10mm to 60mm. The ultimate load carrying 
capacity is very low due to grinding pattern. The ratio of the FE ultimate load 
carrying capacity and the experimental load carrying capacity varies from 1.0 to 
11.47. Their average is 3.59 and coefficient of variation is 0.897. So it proves that the 
grinding pattern is an important factor for bonding strength.   
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Table 4.5: Comparison of ultimate load carrying capacities of 40 mm SHS in the FEA and 
Experimental Result 
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFE / PuEXP  
PuEXP (kN) PuFEA (kN)  
1. 40S3L10 10 1.6 18.2 11.47 
2. 40S3L20 20 8.7 30.4 3.49 
3. 40S3L30 30 10.4 40.6 3.91 
4. 40S3L40 40 11.4 47.3 4.16 
5. 40S3L50 50 13.4 50.4 3.77 
6. 40S3L60 60 22.2 53.2 2.40 
7. 40S3L70 70 50.9 55.0 1.08 
8. 40S3L75 75 54.5 55.7 1.02 
9. 40S3L85 85 54.7 57.0 1.04 
10. 40S3L110 110 58.0 58.0 1.00 
                                                                                          Average             3.59 
                                                                                             COV               0.897 
 
After improving the grinding pattern, the ultimate load carrying capacity was 
increased. Table 4.6 shows the ultimate load carrying capacities of 50mm SHS 
having a thickness of 3.0mm and varying bond lengths from 10mm to 115mm. It 
compares both results of FEA and experimental results. Their coefficient of variation 
is 0.098 and the average is 1.08.  
Table 4.6:  Comparison of ultimate load carrying capacities of 50 mm SHS in the FEA and 
Experimental Result 
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFE / PuEXP  
PuEXP (kN) PuFEA (kN)  
1. 50S3L10 10 22.5 22.9 1.02 
2. 50S3L20 20 37.2 37.7 1.01 
3. 50S3L30 30 35.1 47.2 1.34 
4. 50S3L50 50 58.5 59.9 1.03 
5. 50S3L75 75 59.6 64.5 1.08 
6. 50S3L85 85 64.0 65.6 1.03 
7. 50S3L95 95 59.4 65.6 1.11 
8. 50S3L105 105 63.2 66.2 1.05 
9. 50S3L115 115 64.9 66.5 1.03 
                                                                                          Average             1.08 
                                                                                             COV               0.098 
 
Figure 4-8 shows the ultimate load carrying capacities of experimental and FE 
models. PuExp_S50 shows the load carrying capacity of experimental specimens 
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with varying bond length from 10mm to 115mm and PuFE_S50 represents FEA 
results of the same bond length specimens. Both results show that at higher bond 
lengths, the load carrying capacity does not increase significantly after 75mm bond 
length.  
 
Figure 4-8: Effective Bond Length of 50mm SHS 
Table 4.7 compares FEA and experimental results of the ultimate load carrying 
capacities of 65mm SHS with a thickness of 3.0mm. Their coefficient of variation is 
0.031 and the average is 1.03.  
Table 4.7:  Comparison of ultimate load carrying capacities of 65 mm SHS in the FEA and 
Experimental Result 
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFE / PuEXP  
PuEXP (kN) PuFEA (kN)  
1. 65S3L35 35 43.7 65.1 1.02 
2. 65S3L40 45 74.6 73.9 0.99 
3. 65S3L50 55 75.8 78.6 1.04 
4. 65S3L70 70 79.0 81.9 1.04 
5. 65S3L75 75 79.3 82.3 1.04 
6. 65S3L85 85 74.8 83.0 1.11 
7. 65S3L90 90 81.7 83.2 1.02 
8. 65S3L95 95 81.8 83.5 1.02 
9. 65S3L100 100 81.8 83.7 1.02 
                                                                                          Average             1.03 
                                                                                             COV               0.031 
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Figure 4-9 shows the ultimate load carrying capacity of experimental and FE 
models. PuExp_S65 represents the ultimate load carrying capacity for bond lengths 
from 35mm to 100mm. PuFE_S65 represents FEA results of 65S3L series for the 
same bond length. Both results show the same phenomena observed for 50S3L. This 
result proves that the effective bond length is 75mm for the specimens of 65mm 
diameter SHS.  
 
 
Figure 4-9: Effective bond length of 65mm SHS 
4.3.3 Effect of CFRP orientation  
The uni-directional CFRP is weak in transverse direction. But their properties 
change when they act as a unit with longitudinal directional layer. So FE model 
developed to validate the experimental results. The FE Model used three types of 
orientation of CFRP, as in the experimental specimens. The same configuration 
represents the variation of the load carrying capacity of CHS and SHS for 
experimental and FE Model results respectively.  
Table 4.8 compares the ultimate load carrying capacity of 40mm, 50mm and 
65mm SHS with a thickness of 3.0mm at different CFRP orientation of steel in the 
FE model and experimental results. In Table 4.8  40, 50 & 60 represent the size of 
the SHS and S represents the SHS, 3L representing three layers are in a longitudinal 
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direction, 2LT represents the first two layers in a longitudinal direction and the third 
layer in a transverse direction, L2T represents the first layer in a longitudinal 
direction and the second and third layers in a transverse direction. The experimental 
results show that for 40mm CFRP strengthened SHS, 3L specimens have 12% more 
than 2LT specimens and 36% more than L2T specimens’ bond strength. For 50mm 
SHS and 65mm SHS, these values are 6% and 37%, 15% and 37% respectively. The 
FE models show almost the same variation in their bond strengths in different CFRP 
wrapping scheme. The difference in bond strength for 40S between FE analysis & 
experimental results for 3L, 2LT & L2T is 0.4%, 1% and 2% respectively. The 
difference in bond strength for 50S between FE analysis & experimental results of 
3L, 2LT & L2T is 0.7%, 3% and 8% respectively. Similarly, the difference in bond 
strength for 65S between FE analysis & experimental results of 3L, 2LT & L2T is 
4%, 9% and 3% respectively. The coefficient of variation is 0.035 and the average is 
1.04. The results show good agreement.  
Table 4.8: Comparison of ultimate load carrying capacity for different CFRP orientation of SHS in the 
FE Model and Experimental Results  
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFE / PuEXP  
PuEXP (kN) PuFE (kN)  
1. 40S3L75 75 54.5 54.3 0.99 
2. 40S2LT75 75 48.0 48.5 1.01 
3. 40SL2T75 75 34.9 34.2 0.98 
4. 50S3L75 75 59.6 64.0 1.07 
5. 50S2LT75 75 55.9 57.8 1.03 
6. 50SL2T75 75 37.3 40.3 1.08 
7. 65S3L75 75 79.3 82.3 1.04 
8. 65S2LT75 75 67.5 73.7 1.09 
9. 65SL2T75 75 49.7 51.2 1.03 
                                                                                          Average             1.04 
                                                                                             COV               0.035 
 
Figure 4-10 shows the ultimate load carrying capacity of experimental and FE 
models of SHS for varying CFRP orientations. 40S_Exp, 50S_Exp and 65S_Exp 
show the experimental results for ultimate load carrying capacity at 75mm bond 
length in different CFRP orientations. 40S_FE, 50S_FE and 65S_FE represent the FE 
model results for same series of specimens. The differences between the FE analysis 
& experimental results for 3L, 2LT & L2T for 40S, 50S and 65S are 0.4%, 1% and 
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2%, 0.7%, 3% and 8% and 4%, 9% and 3% respectively. Both the FE model and the 
experimental results show the same phenomenon that 3L CFRP wrapped specimens 
have greater load carrying capacity than 2LT and L2T CFRP wrapped specimens.    
 
Figure 4-10: Ultimate Load carrying capacity of SHS with varying CFRP orientations 
Table 4.9 compares the ultimate load carrying capacity of 42.4mm diameter 
CHS with a thickness of 3.2mm, and 48.3mm and 60.3mm diameter CHS with a 
thickness of 2.9mm at different orientation of CFRP, in FE analysis and experimental 
results. In Table 4.9, CHS of 42.4mm, 48.3mm and 60.3mm diameter are represented 
as 40C, 50C and 60C respectively. The differences for 3L, 2LT & L2T of 40C in the 
FE analysis & experimental results of are 0.4%, 1.0% and 0.99% respectively. The 
difference for 3L, 2LT & L2T of 50C in the FE analysis & experimental results are 
1.16%, 1.15%% and 1.32% respectively. Similarly, the difference for 3L, 2LT & L2T 
for 60C in the FE analysis & experimental results are 1.3%, 1.9% and 6.0% 
respectively. Their coefficient of variation is 0.99 and the average is 0.021. The 
experimental results show that for 40C specimens, 3L have 21% more load carrying 
capacity than 2LT specimens and 37% more load carrying capacity than L2T 
specimens. These values for 50C and 60C specimens are 20% and 32%, 19% and 
23% respectively. The FE models show almost the same variation in their bond 
strengths in different CFRP wrapping scheme. So the results are in good agreement. 
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Table 4.9: Comparison of ultimate load carrying capacity for different CFRP orientation of CHS in the 
FE Model and Experimental Result  
SL. 
No. 
Specimens 
Labels 
Bond Length 
(mm) 
Results PuFE / PuEXP  
PuEXP (kN) PuFE (kN)  
1. 40C3L75 75 54.0 54.3 0.99 
2. 40C2LT75 75 42.7 43.1 1.01 
3. 40CL2T75 75 33.8 33.4 0.99 
4. 50C3L75 75 60.2 59.5 0.99 
5. 50C2LT75 75 48.0 48.5 1.01 
6. 50CL2T75 75 40.9 40.3 0.99 
7. 60C3L75 75 70.8 69.8 0.99 
8. 60C2LT75 75 57.0 55.9 0.98 
9. 60CL2T75 75 54.0 50.7 0.94 
                                                                                          Average             0.99 
                                                                                             COV               0.021 
 
Figure 4-11 shows the ultimate load carrying capacity of experimental and FE 
models of CHS with varying CFRP orientations. 40C_Exp, 50C_Exp and 60C_Exp 
show the ultimate load carrying capacity at 75mm bond length with different CFRP 
orientations from the experimental results. 40C_FE, 50C_FE and 60C_FE represent 
the FE model results for the same series of specimens. The difference between the FE 
analysis & experimental results for 3L, 2LT & L2T of 40C, 50C and 60C are 0.4%, 
1.0% and 0.99%, 1.16%, 1.15%% and 1.32%, and 1.3%, 1.9% and 6.02% 
respectively. Both the FE model and the experimental results of CHS show the same 
phenomenon that 3L CFRP wrapped specimens have a greater load carrying capacity 
than 2LT and L2T CFRP wrapped specimens. It also shows that CFRP strengthened 
CHS same as CFRP strengthened SHS. 
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Figure 4-11: Ultimate Load carrying capacity of CHS varying CFRP orientation 
4.4 PARAMETRIC STUDY 
A parametric study was conducted using finite element analysis. The main 
parameters studied are the size of steel hollow sections, the shape of steel hollow 
sections and CFRP wrapping orientations.  
4.4.1 Effect of different sizes of steel hollow sections 
Circular hollow sections are used in situations where impact protection and 
extra strength are the critical requirement. Square hollow sections are used as 
compression members but here they are used as tension members for comparison. 
Commercially available sizes of circular hollow sections vary from 42mm to 165mm 
with a thickness from 2.9mm to 3.0mm; square hollow sections vary from 25mm to 
100mm having a thickness of 3.0mm. Specimens were chosen depending on the 
commercially available size and thickness; 42.3mm diameter with a thickness of 
3.2mm, 48.3mm and 60.3mm diameter with a thickness of 2.9mm, and 101.6mm and 
165.1mm diameter CHS with a thickness of 3.2mm. Figure 4-12 shows the load 
carrying capacities for 42.3mm -165.1mm circular hollow sections; it was observed 
that the load carrying capacity proportionally increased with respect to the diameter 
of the steel hollow sections. But after 75mm bond length, the ultimate load carrying 
capacity curve is plateau. So, the effective bond length does not vary with increase in 
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diameter of the CHS. It can be concluded here that the effective bond length of 
42.3mm – 165.1mm CHS is 75mm. 
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Figure 4-12: Effect of size of circular steel sections in FE results 
Table 4.10 shows the effect on ultimate load carrying capacities for varying 
sizes of CHS. The specimens 50C3L75; 60C3L75 and 100C3L75 had 5%; 33% and 
151% more cross sectional area and 12%; 35% and 128% more perimeter than the 
specimen 40C3L75 respectively. But the ultimate load carrying capacity of the 
specimens 50C3L75; 60C3L75 and 100C3L75 were increased 12%; 35% and 128% 
than specimen 40C3L75 respectively. Therefore, it can be concluded that the load 
carrying capacity is dependent on their perimeters rather than their cross sectional 
areas for the circular hollow sections. 
Table 4.10: The Ultimate Load carrying capacity of CHS based on cross sectional area and perimeter 
SL. 
No. 
Specimens 
Labels 
Cross Sectional 
Area ACHS(mm
2
) 
Perimeter 
PCHS (mm) 
FE Results   
PuCHS (kN) 
1. 40C3L75 394 133 54.2 
2. 50C3L75 414 152 60.5 
3. 60C3L75 523 190 73.2 
4. 100C3L75 989 319 123.3 
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Similarly, an FE model has been developed to find out the ultimate load 
carrying capacity of SHS of 40mm, 50mm, 65mm and 100mm sizes all with the same 
thickness of 3mm.  Figure 4-13 show that load carrying capacity increases rapidly in 
small bond lengths but after 75mm bond length it becomes flat. The load carrying 
capacity increases proportionately with the increment of contact area of SHS. SHS 
also represents the same phenomenon as CHS. The results suggest that the effective 
bond length does not vary with an increase in diameter of the SHS. It can be 
concluded that the effective bond length of 40mm – 100mm SHS is 75mm. 
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Figure 4-13: Effect of size of square steel sections in FE results 
Table 4.11 shows the effect on ultimate load carrying capacities for varying 
sizes of SHS. The specimens 50S3L75; 65S3L75 and 100S3L75 had 29%; 71% and 
171% more cross sectional area and 27%; 67% and 160% more perimeter than the 
specimen 40S3L75 respectively. But the ultimate load carrying capacity of the 
specimens 50S3L75; 65S3L75 and 100S3L75 were increased 16%; 48% and 128% 
than specimen 40C3L75 respectively. Therefore, it can be concluded that the load 
carrying capacity for the square hollow sections depend on neither their cross- 
sectional areas nor their perimeters. 
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Table 4.11: The Ultimate Load carrying capacity of SHS based on cross sectional area and perimeter 
SL. 
No. 
Specimens 
Labels 
Cross Sectional 
Area ACHS(mm
2
) 
Perimeter 
PSHS (mm) 
FE Results   
PuSHS (kN) 
1. 40S3L75 421 150 55.7 
2. 50S3L75 541 190 64.5 
3. 65S3L75 721 250 82.3 
4. 100S3L75 1141 390 126.6 
 
4.4.2 Effect of different shapes of steel hollow sections 
Finite element analysis has also been carried out to find out the effect of 
different shape of steel hollow sections for specimens of larger size. Figure 4-14 
shows the load carrying capacities of CHS of varying diameters from 42.3mm to 
101.6mm and SHS of varying size from 40mm to 100mm. It graphically represents 
CFRP strengthened CHS carries a lower ultimate load than CFRP strengthened SHS. 
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Figure 4-14: Comparison of load carrying capacity of CFRP strengthen SHS and CHS 
SHS and CHS were used to find out the variation of load carrying capacity with 
the change of shape of steel hollow sections. Table 4.12 compares the cross sectional 
areas of different steel hollow sections with their ultimate load carrying capacity at 
effective bond length. It shows that the ratio of the cross sectional area between SHS 
and CHS varied from 0.725 to 0.936 and the ratio of the ultimate load carrying 
capacity between SHS and CHS varied from 0.889 to 0.974.  
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Table 4.12: Comparison between load carrying capacity of SHS and CHS based on cross sectional 
areas 
SL. 
No. 
Specimens 
Labels 
Cross Sectional 
Area(mm
2
) 
ACHS / 
ASHS 
FE Results (kN) PuCHS 
/ PuSHS 
ACHS ASHS PuCHS PuSHS 
1. 40C3L75 394  
0.936 
54.2  
0.974 
2. 40S3L75  421  55.7 
3. 50C3L75 414  
0.765 
60.5  
0.937 
4. 50S3L75  541  64.5 
5. 60C3L75 523  
0.725 
73.2  
0.889 
6. 65S3L75  721  82.3 
7. 100C3L75 989  
0.867 
123.3  
0.974 
8. 100S3L75  1141  126.6 
 
Table 4.13 compares the perimeters of different steel hollow sections with their 
ultimate load carrying capacity at effective bond lengths. It shows that the ratio of the 
perimeter between SHS and CHS varied from 0.725 to 0.936 and the ratio of the 
ultimate load carrying capacity between SHS and CHS varied from 0.889 to 0.974.  
Table 4.13: Comparison between load carrying capacity of SHS and CHS based on perimeter 
SL. 
No. 
Specimens 
Labels 
Perimeter (mm) PCHS / 
PSHS 
FE Results (kN) PuCHS / 
PuSHS PCHS PSHS PuFE-CHS PuFE-SHS 
1. 40C3L75 133  
0.890 
54.2  
0.974 
2. 40S3L75  150  55.7 
3. 50C3L75 152  
0.800 
60.5  
0.937 
4. 50S3L75  190  64.5 
5. 60C3L75 190  
0.759 
73.2  
0.889 
6. 65S3L75  250  82.3 
7. 100C3L75 319  
0.819 
123.3  
0.974 
8. 100S3L75  390  126.6 
  
Table 4.12 shows the ratio of the cross sectional area of SHS and CHS and 
Table 4.13 the ratio of the perimeter of SHS and CHS. The load carrying capacities 
of CHS and SHS were different for their difference in shapes. So it can be concluded 
that the ultimate load carrying capacity depends on their shapes.  
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4.5 DISTRIBUTION OF LONGITUDINAL STRESS FOR EACH LAYER 
OF CFRP  
In the experimental test, it was observed that the failures of the specimens were 
very sudden with a loud cracking sound. As a result, it was not possible to identify 
the starting point of failure. From the FE model it is very easy to define the location 
of first failure. The longitudinal stress distribution for different loading conditions of 
the 40S3L75 specimen is shown in Figure 4-15. At 0.25Pu loading, the maximum 
stress developed at the joint of the bond length and the stress rate fell very fast from 
the steel joint to 20mm of the bond length. The length of the maximum longitudinal 
stress is increased with increasing load. At the ultimate load it become flat for the full 
bond length Therefore, it can be concluded that the longitudinal stress is maximum at 
the steel section joint. 
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Figure 4-15: Longitudinal stress distribution along the bond length 
 
4.5.1 Longitudinal Stress in SHS at the steel joint 
The effect of longitudinal stress distribution at the steel joint on different layers 
of CFRP sheet for different sized specimens is investigated. Figure 4-16 shows the 
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longitudinal stress of different layers of specimens 40S3L, 50S3L and 65S3L with 3 
longitudinal layers of CFRP. For these specimens, the longitudinal stresses are 
maximum in the third layer of CFRP sheets. But 40S3L carries highest longitudinal 
stress and 65S3L carry lowest longitudinal stress. Longitudinal stress distributions 
vary with increased plate element slenderness of steel sections. 40mm steel square 
hollow section has less plate element slenderness, the longitudinal stress distribution 
is almost the same in the three layers. Though the 50mm and 65mm SHS have 
different plate element slenderness, their stress distribution patterns are the same. So 
it can be concluded that the longitudinal stress is maximum when there is less plate 
element slenderness.  
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Figure 4-16: Longitudinal Stress Distribution for SHS at steel joint for 3L specimens 
Figure 4-17 shows the results of longitudinal stresses for the specimens 40S, 
50S and 65S with two longitudinal layers (2L) and one transverse layer (T) of CFRP. 
All specimens carry the same longitudinal stresses at 1
st
 layer of CFRP. The 
longitudinal stresses of the second layer of CFRP increase due to their inter-lamina 
shear stress. When two adjacent layers of CFRP act in the same direction they 
combine their stresses. But the longitudinal stresses decrease when the third layer of 
CFRP is in a transverse direction.  
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Figure 4-17: Longitudinal Stress Distribution of SHS at Steel Joint for 2LT specimens 
Figure 4-18 graphically shows the longitudinal stress for 40SL2T, 50SL2T and 
65SL2T specimens whose first layer of CFRP is in a longitudinal direction and the 
second and the third layers transverse direction. 
The same phenomenon is observed that longitudinal stresses of the first layer of 
CFRP decrease sharply as the second layer of CFRP is wrapped in a transverse 
direction but the third layer of CFRP increases the stress as the second and third layer 
of CFRP act in same direction. The longitudinal stress decreases due to the change of 
wrapping direction from longitudinal to transverse direction but increases again when 
CFRP is wrapped in the same direction. 40mm, 50mm and 65mm SHS show the 
same stress distribution in the same manner. It can be concluded that longitudinal 
stress does not depend on the size of SHS in a combined wrapping scheme.  
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Figure 4-18: Longitudinal Stress Distribution of SHS at Steel Joint for L2T specimens 
4.5.2 Longitudinal Stress in CHS at the steel joint 
Steel hollow sections especially circular sections, are widely used in marine 
structures and liquid retaining structures for their high hoop stress along with 
longitudinal stress. In the FE model, the effect of longitudinal stress distribution of 
different layers of the CFRP sheet is investigated at the steel joint of CFRP 
strengthened CHS. Figure 4-19 shows the longitudinal stresses of 40C specimens for 
different orientation of CFRP sheet in different layers. 40C3L specimen has almost 
same longitudinal stress at all layers of CFRP. But 40C2LT specimen has largest 
longitudinal stress at the second layer of CFRP as the first layer and the second layers 
of CFRP sheets are in the same longitudinal direction. Their longitudinal stresses 
added together but the longitudinal stresses decreased due to the change of the 
orientation of the CFRP sheet in the transverse direction in the third layer. Again the 
first layer of CFRP for 40CL2T specimen carries the largest longitudinal stress but 
the second
 layer’s longitudinal stress decreased as it was wrapped in different 
direction. But it increased again as the third layer of CFRP sheet was wrapped in the 
same transverse direction as the second layer of CFRP sheet. It can be concluded that 
the longitudinal stress sharply decreased due to the change of CFRP layer orientation.  
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Figure 4-19: Longitudinal Stress Distribution for different wrapping orientations of 40C specimens 
Figure 4-20 represents longitudinal stresses for 50C and 60C with different 
orientation of CFRP sheet at different layers of the specimens. Both 50C and 60C 
specimens attain the same longitudinal stress value for different layers. But 50C2LT 
and 60C2LT specimens have the largest longitudinal stress value at the second layer 
of CFRP as the first layer and the second layers of CFRP sheets are in the same 
longitudinal direction. They added their longitudinal stresses but the longitudinal 
stresses decreased due to change of orientation of the CFRP sheet in transverse 
direction in third layer. Again 1st layer of CFRP for 50CL2T and 60CL2T specimens 
carry the largest longitudinal stress but the second
 layer’s longitudinal stress 
decreased as it was wrapped in a different direction. But it increased again as the 
third layer of CFRP sheet was wrapped in the same transverse direction as the second 
layer of CFRP sheet. It can be concluded that longitudinal stress sharply decreased 
due to change of CFRP layer orientation.   
Figure 4-19 shows that 40C3L carries about 700MPa longitudinal stress for all 
layers, and Figure 4-20 shows 50C3L and 60C3L carry about 700MPa longitudinal 
stress for all layers. So it seems that when all layers of CFRP are in longitudinal 
direction, variations in the diameters of CHS do not affect the longitudinal stress of 
CFRP.  
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Figure 4-20: Comparison of Longitudinal Stress Distribution for different wrapping orientation 
between 50C & 60C specimens 
4.6 DISTRIBUTION OF TRANSVERSE STRESS FOR EACH LAYER 
Unidirectional CFRP is very weak in the transverse direction. But if the layers 
are combined in longitudinal and transverse direction, they act differently. The 
experimental results show that the ultimate load carrying capacity varies with 
different CFRP wrapping orientations. In this study, steel hollow sections are 
subjected to tensile force along the longitudinal direction. So their transverse stress 
distribution is same along the cross section, but varies in longitudinal direction. The 
FE models show their transverse stresses are different at different locations. Figure 
4-21 shows that maximum transverse stress is at the steel joint. So a detailed 
investigation was carried out to find out the transverse stress at different layers of 
CFRP at the steel joint. 
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Figure 4-21: Transverse Stress Distribution along bond length  
4.6.1 Transverse Stress for SHS at steel joint 
Transverse stresses in CFRP strengthened SHS varies different way depends on 
their orientation of the layers. When they are wrapped in transverse direction they 
carry more transverse stress. So they are very helpful to reduce the deformation due 
to the tensional load. Figure 4-22 shows the different variation of the transverse 
stresses at steel joint in 40S, 50S and 65S series specimens. Though their sizes are 
different, their transverse stresses are almost the same. For 3L series specimens the 
second layers of CFRP carry less transverse stresses and the third layer carries the 
most transverse stresses. But for 2LT series specimens, the first layer of CFRP attains 
the largest transverse stress and the second layers carry less. L2T series specimens 
show a different picture. They increase their transverse stresses incrementally. The 
third layers carry five times more transverse stress than the first layers of CFRP. 
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Figure 4-22: Comparison of Transverse Stress Distribution for different wrapping orientations of the 
40S, 50S& 65S specimens 
In this study, square hollow sections are subjected to tensile force in the 
longitudinal direction. SHS shows two phenomena one act as a plate and other, the 
corners act as circular section. Figure 4-23 shows the first layer of CFRP in the 
40S3L specimen carries more transverse stress at plate area, but less in circular area. 
The second layer of CFRP carries the same transverse stress for both. Figure 4-24 
displays that the distribution of the transverse stress is same throughout the bond 
length. Figure 4-25 shows the third layer of CFRP carries maximum transverse stress 
in the corner radii segments and other segments carry less. As a result, the flat area of 
40S3L specimens tends to buckle inwards. 
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Figure 4-23: Transverse stress distribution at first layer of CFRP of 40S3L specimen at failure load 
 
 
 
Figure 4-24: Transverse stress distribution at second layer of CFRP of 40S3L specimen at failure load 
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Figure 4-25: Transverse stress distribution at third layer of CFRP of 40S3L specimen at failure load 
Transverse stresses of 40S2LT specimen change with the changes in the CFRP 
orientation. The first layer of CFRP, wrapped in a longitudinal direction carries 
maximum transverse stress at the flat parts of SHS as shown in Figure 4-26. The 
second layer of CFRP carries maximum transverse stress at the flat parts of SHS as 
shown in Figure 4-27, and the third layer of CFRP as shown in Figure 4-28, wrapped 
in the transverse direction carries more transverse stress in both parts, but no bucking 
shows, as seen in Figure 4-23  and Figure 4-24 respectively. So it can be 
recommended that transverse wrapping helps to reduce buckling.  
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Figure 4-26: Transverse stress distribution at first layer of 40S2LT specimen at failure load 
 
Figure 4-27: Transverse stress distribution at second layer of 40S2LT specimen at failure load 
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Figure 4-28: Transverse stress distribution at third layer of 40S2LT specimen at failure load 
The transverse stresses of 40SL2T specimen changes with the changes in the 
CFRP orientation. The first layer of CFRP layer, longitudinal in direction, carries 
maximum transverse stress at the flat part of SHS, less in curved part of SHS shown 
in Figure 4-29. But the second layer of CFRP carries more transverse stress in the 
flat and curved part, as does the third layer of CFRP as shown in Figure 4-30  and 
Figure 4-31 respectively. The second layer and third layer of CFRP are wrapped in 
the transverse direction, so they carry more transverse stress over the entire bond 
length. 
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Figure 4-29: Transverse stress distribution at first layer of 40SL2T specimen at failure load 
 
 
Figure 4-30: Transverse stress distribution at second layer of 40SL2T specimen at failure load 
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Figure 4-31: Transverse stress distribution at third layer of 40SL2T specimen at failure load 
4.6.2 Hoop Stress for CHS at the steel joint 
 Circular hollow sections were subjected to tensile force along the longitudinal 
direction in this FE analysis. So their hoop stress distributions are the same along the 
cross section, but vary in the longitudinal direction. Figure 4-32 shows that 50C3L 
specimen has almost the same hoop stress at all layers of CFRP, so the value is 
unimportant. For 50C2LT specimen, the first and second layer of CFRP carry very 
minimal hoop stress as they are oriented in longitudinal direction, and unidirectional 
CFRP sheets carry no stress in the transverse direction. But the third layer is oriented 
in the transverse direction, so this layer carries more hoop stress. For 50CL2T 
specimens the third layer carries the largest hoop stress with the same orientation as 
in second and third layers. 
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Figure 4-32: Hoop stress distribution for different orientation of CFRP layers in the 50C series 
The same phenomenon is observed in Figure 4-33 which represents hoop stress 
for 60C series specimens. But the hoop stress of 50C2LT specimens is more than that 
of 60C2LT, and hoop stress is the same for 50CL2T and 60CL2T. It can be 
concluded that the L2T wrapping scheme is better for slender CHS which helps to 
reduce buckling. 
 
Figure 4-33: Hoop stress distribution for different orientation of CFRP layers in the 60C series 
The effect of hoop stress distribution of different layers of CFRP sheets was 
invested at failure load of CFRP strengthened CHS. Figure 4-34, Figure 4-35 and 
Figure 4-36 show that 40C3L specimen has almost the same hoop stress at all layers 
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of CFRP and the value is high at the steel joint but in reverse directions. They are 
trying to buckling. 
 
 
Figure 4-34: Hoop stress distribution at first layer of 40C3L specimen at failure load 
 
Figure 4-35: Hoop stress distribution at second layer of 40C3L specimen at failure load 
 86 Chapter 4: Finite Element Analysis 
 
Figure 4-36: Hoop stress distribution at third layer of 40C3L specimen at failure load 
For 40C2LT specimen, the first and second layers of CFRP carry very minimal 
hoop stress as they are oriented in the longitudinal direction and unidirectional CFRP 
sheets carry no stress in the transverse direction. But the third layer is oriented in the 
transverse direction so this layer carries more hoop stress. Figure 4-37, Figure 4-38 
and Figure 4-39 graphically represent the hoop stresses of the first layer, second layer 
and third layer of 40C2LT series specimens. 
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Figure 4-37: Hoop stress distribution at first layer of 40C2LT specimen at failure load 
 
.  
Figure 4-38: Hoop stress distribution in the second layer of 40C2LT specimen at failure load 
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Figure 4-39: Hoop stress distribution in the third layer of 40C2LT specimen at failure load 
For 40CL2T specimens, the third layer carries the largest hoop stress with the 
same orientation in the second and third layers. Figure 4-40, Figure 4-41 and Figure 
4-42 graphically represent the hoop stresses of the first layer, second layer and third 
layers of 40CL2T series specimens. 
 
Figure 4-40: Hoop stress distribution in the first layer of 40CL2T specimen at failure load 
. 
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Figure 4-41: Hoop stress distribution in second layer of 40CL2T specimen at failure load 
 
 
Figure 4-42: Hoop stress distribution at third layer of 40CL2T specimen at failure load 
4.7 SUMMARY 
In this study, the test results present CFRP wrapped specimens under tension. 
CFRP sheets are used in different three orientations. The investigated variables are 
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CFRP bond lengths, and the size and shape of circular steel hollow sections. The 
findings from the parametric studies are summarised as follows: 
1. Load carrying capacity is not changed significantly with the increment of 
bond length after 75mm bond length for different sizes of strengthened 
specimen considered in this research. Therefore it can be concluded that 
the effective bond length is 75mm for normal modulus of CFRP for 
different sizes of specimens. 
2. There was no change in effective bond length for varying shapes of CFRP 
strengthened steel hollow sections. Load carrying capacity increased 
proportionally by increasing the perimeter of CFRP strengthened circular 
hollow sections. 
3. Maximum longitudinal stress developed in the first layer of CFRP for 3L 
specimens. The stress distributions between the layers have no significance 
with the increase of D/t ratio for CHS and (b-2t/t) ratio for SHS. 
4. Maximum transverse stress developed in the third layer of CFRP for 3L 
specimens. The stress distributions between the layers have no significance 
with the increase of D/t ratio for CHS and (b-2t/t) ratio for SHS. 
5. The load carrying capacity is maximum when the layers of CFRP are 
oriented in the longitudinal direction. 
6. Maximum longitudinal stress developed in the second layer of CFRP for 
2LT specimens. The longitudinal stress distribution sharply decreased with 
a change of orientation of CFRP. 
7. Maximum hoop stress developed in the third layer of CFRP for L2T 
specimens. The hoop stress distribution sharply increased with a change of 
orientation of CFRP. 
8. L2T specimens are good for circular hollow sections with a large D/t ratio. 
Because they carry large hoop stress, the effect of large D/t ratio could be 
minimized. 
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9. 2LT specimens are better for circular hollow sections because of the load 
carrying capacity, and both stresses are high compared with other 
combinations. 
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Chapter 5: Conclusions 
An experimental program and FE analysis was conducted to evaluate the bond 
characteristics and load carrying capacity of a CFRP strengthened steel hollow 
sections. The summary of research finding and recommendations for further research 
are presented in the following sections. 
5.1 SUMMARY  
The research programme was completed to study the bond characteristics of 
steel hollow sections and the load carrying capacity of normal modulus CFRP 
wrapped joints of steel hollow sections. The experimental program was conducted in 
two phases and included both ultimate load carrying capacity tests and effects on the 
load carrying capacity of changes to the orientation of CFRP sheets. 
The parameters studied in the experimental program included the size and 
shape of steel hollow sections and different orientations of CFRP sheets. 
 The FE analysis consisted of a model to validate the experimental test results, 
and detailed investigations of stress distribution for longitudinal orientation and 
transverse orientations in different configuration.  
The research findings led to the following conclusions: 
1. The key parameters affecting the bond characteristics between CFRP and 
steel hollow sections are different size and shape of steel hollow section, 
different CFRP bond length, and different orientation of CFRP wrapping. 
2. The effective bond length of 42.3mm to 165.1mm CHS is 75 mm and 
40mm to 100mm SHS is 75mm. The dominant failure mode is steel 
adhesive interface debonding. 
3. The ultimate load carrying capacity depends on their perimeter and shape 
rather than depends on their cross sectional area of steel hollow section. 
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4. Among three different wrapping schemes 3L, 2LT, L2T. 3L (three 
longitudinal CFRP) is the most effecting wrapping scheme for tensile 
loading. 
5. Maximum longitudinal stress developed in the first layer of CFRP for 3L 
specimens. The stress distributions between the layers have no significance 
with the increase of D/t ratio for CHS and (b-2t/t) ratio for SHS. 
6. Maximum transverse stress developed in the third layer of CFRP for 3L 
specimens. The stress distributions between the layers have no significance 
with the increase of D/t ratio for CHS and (b-2t/t) ratio for SHS. 
7. Maximum longitudinal stress developed in the second layer of CFRP for 
2LT specimens. Due to the change of orientation of CFRP, the longitudinal 
stress distribution sharply decreased. 
8. Maximum hoop stress developed in the third layer of CFRP for L2T 
specimens. Due to the change of orientation of CFRP, the hoop stress 
distribution sharply increased. 
9. L2T specimens are good for circular hollow sections with a large slender 
ratio. Because they have high hoop stress, the effect of slenderness could 
be minimized. 
10. 2LT specimens are better for circular hollow sections due to their load 
carrying capacity, and both the stresses are high compared with other 
combinations.  
11. Surface preparation directly involved to load carrying capacity of 
specimens. Rough surface increased load carrying capacity. 
5.2 RECOMMENDATION FOR FUTURE WORK 
While the current experimental program led to several interesting conclusions 
regarding the bond characteristics of CFRP strengthened steel hollow sections 
materials, additional research work would also be beneficial. Recommended topics 
for future research include: 
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• Experimental investigations of the bond strength of CFRP strengthened steel 
hollow sections with different orientation of CFRP were limited to longitudinal and 
transverse which were tested in the current experimental program. The additional 
experimental results could be used to validate the ultimate load carrying capacity for 
different angular orientations of CFRP sheets. 
• Experimental investigation of the bond strength of CFRP strengthened steel 
hollow sections using different adhesives. Testing of adhesive with different elastic 
moduli and also testing bond strength with different adhesive thicknesses would be 
beneficial to validate the findings of the proposed analytical model.  
• The elastic modulus and thickness of the CFRP materials likely play an 
important role in the CFRP strengthened bonded joints under tension. The effect of 
the CFRP properties on the bond behaviour should be studied in detail.  
• The different stress distribution of square hollow sections for corner radii and 
flat part should be studied more thoroughly. The current study indicates that the 
transverse orientation of CFRP help to reduce inward buckling of SHS and the 
transverse stress distribution of SHS is different in same bond length for corner radii 
and flat part. Further research is necessary to develop an appropriate method to 
evaluate difference of the stress distributions for corner radii and flat a part of SHS. 
• Current research programme was limited to SHS and CHS so future 
researches should be used different shapes such as rectangular shapes. 
• Other researchers have demonstrated that thermal stresses in bonded joints 
can be more severe than stresses induced by mechanical loading. This is particularly 
important when considering that the mechanical properties of most structural 
adhesives are temperature dependent.  
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